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Watch for this emblem — it identifies products 
made to give you matchless performance. 
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SARGENT-SLOMIN ANALYZERS 


are standard equipment 
in prominent laboratories 


A few of the leading companies, 
representative of the many hun- 
dreds of industrial laboratories 
using the Sargent - Slomin and 
Heavy Duty Analyzers for 
control analyses . . . 


AMPCO METAL, Inc. 

ANDERSON LABORATORIES 

CALERA MINING COMPANY 

EUREKA WILLIAMS COMPANY 

THE FEDERAL METAL CO. 

FORD MOTOR COMPANY 

THE GLIDDEN COMPANY—Chemical, Metal 
and Pigment Division 

HOT POINT CO. 

HOWARD FOUNDRY COMPANY 

INTERNATIONAL HARVESTER COMPANY 

KENNAMETAL Inc. 

McQUAY - NORRIS MANUFACTURING CO. 

NATIONAL LEAD COMPANY, 
Fredericktown, Missouri 

PIASECKI HELICOPTER CORPORATION 

REVERE COPPER & BRASS INCORPORATED 

THE RIVER SMELTING & REFINING 
COMPANY 

SILAS MASON COMPANY 

THE STUDEBAKER CORPORATION 

THOMPSON PRODUCTS, INC. 


Photo Courtesy INTERNATIONAL HARVESTER COMPANY, Melrose Park, Illinois 


Sargent-Slomin Electrolytic Analyzers are recommended for such electro 
analytical determinations as: Copper in—ores, brass, iron, aluminum and 
its alloys, magnesium and its alloys, bronze, white metals, silver solders, 
nickel and zinc die castings. Lead in—brass, aluminum and its alloys, 
bronze, zinc and zinc die castings. Assay of electrolytical copper, nickel 
and other metals. 

Sargent analyzers are completely line operated, employing self-contained 
rectifying and filter circuits. Deposition voltage is adjusted by means of 
autotransformers, with meters indicating volts and amperes and controls 
on the panel. An easily replacexble fuse guards against circuit overload. 
Maximum D.C. current capac ' 5 to 15 amperes; maximum D.C. volt- 
age available, 10 volts. 

Sargent-Slomin Analyzefs stir ‘rough a rotating chuck operated from 
a capacitor type induction motor, having a fixed speed of 550 r.p.m. with 
60 cycle A.C. current or 460 r.p.m. with 50 cycle A.C, current. Motors are 
sealed against corrosive fumes and are mounted on cast metal brackets, sliding 
on 12" square stainless steel rods, permitting vertical adjustment of elec- 
trode position over a distance of 4". Pre-lubricated ball-bearings support 
the rotating shaft. All analyzers accommodate electrodes having shaft 
diameters no greater than 0.059 inch. Stainless steel spring tension chucks 
permit quick, easy insertion of electrodes and maintain proper electrical 
contact, Special Sargent high efficiency electrodes are available for these 
analyzers. Illustrated above is one model of the five types of Sargent-Slomin 
and Heavy Duty Analyzers. 
$-29465 ELECTROLYTIC ANALYZER—Motor stirred, Two Position, 
5 Ampere. With two adjustable heaters, pilot lights and control knobs. 
For operation from 115 volt, 50 or 60 cycle A.C. circuits...........++-$530.00 


SAI 2 C3 E N | SCIENTIFIC LABORATORY INSTRUMENTS APPARATUS SUPPLIES CHEMICALS 


E.H. SARGENT & COMPANY, 4647 W. FOSTER, CHICAGO 30, ILLINOIS 
DETROIT 4, MICH. + DALLAS 35, TEXAS + BIRMINGHAM 4, ALA, « SPRINGFIELD, N. J. 
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_ Sylvania announces a new low cost © 
_ plan for converting germanium scrap 


COST TO CONVERT GERMANIUM SCRAP TO PURIFIED GERMANIUM (40 OHM CENTIMETERS MIN 
SOLIS 


300 
280 }+4—+— = 
260 


LAPPING SLL 


PROCESSING CHARGE. $ PER Kg OF CONTAINED Ge 


% GERMANIUM (Ge) ASSAY IN SCRAP 


prices in effect October 1, 1958 ~ 


Weigh your in-plant germanium scrap con- 
version with these important advantages of 
Sylvania’s new plan. 


LOWER COST 
As a leading supplier of semiconductor materials, 
Sylvania’s volume processing of germanium makes 
possible new low prices for scrap recovery—makes 
all your scrap more valuable regardless of percent- 
age of contained germanium. 


NO HIDDEN WASTE 
Do-it-yourself scrap conversion has hidden costs 
other than labor and overhead. Inaccurate analyses 
and low percentage yields can waste valuable ma- 
terial. Sylvania provides you an accurate analysis 
and guarantees 100% return of contained germanium. 


* 


d for $131.50/KG 
phy) 


UNIFORM QUALITY 
For your scrap Sylvania returns high purity ger- 
manium ingots or cut pieces produced under the 
same standards which have made Sylvania a leading 
supplier to the industry. Minimum resistivity of 40 
ohm cm is guaranteed. You’ll get maximum yields 
in growing doped single crystals. 


NO TIME DELAY 
Upon receipt and analysis of your germanium scrap, 
Sylvania will replace it with purified material directly 
from stock, or delivery schedules can be arranged to 
meet your production planning requirements. 

Call in your Sylvania Representative. He’ll give 
you complete details on this important new ger- 
manium buying concept. You can discuss all your 
Semiconductor Materials requirements with him, too. 


SyLvania ELeEctric Propucts INc. 
y Chemical & Metallurgical Div. 
Towanda, Penna. 


TUNGSTEN MOLYBDENUM 


CHEMICALS 


PHOSPHORS + SEMICONDUCTORS 
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Editorial 


“Science, The News, and The Public” 


Tue above is the title of a report recently issued by the National As- 
sociation of Science Writers (available for $1.00, New York University Press, New 
York 3, N. Y.). For many years NASW has striven to improve the quality of science 
news reporting for the general public. At first the fight was uphill, but today the im- 
portance of scientific technology in everyday life has forced even the most conser- 
vative news management to recognize the need for accurate accounts of scientific 
events and developments. Consequently, all major press associations, most metropol- 


itan newspapers, and the mass circulation magazines have science specialists on their 
staffs. 


While it was quite evident that the popularity of science news was increasing, 
NASW felt the need of a more definite picture: does such news get through to a wide 
public, is it understood, appreciated, effective; what do people think of science 
and scientists, and of the stories they read or hear on radio and television? About 
two years ago the Association secured funds for a survey, which was conducted by 
the Survey Research Center of the University of Michigan. A questionnaire was pre- 
pared, and personal interviews lasting an hour or more were held with 1,919 adults, 
selected as a representative cross section of the entire population in that manner 
known only to public opinion pollsters. 


This 43-page report is the result. The findings were not unexpected but, if any- 
thing, interest in all kinds of science news items and stories is keener and more wide- 
spread than had been anticipated. Three-fourths of those interviewed could recall 
at least one specific science item; 38% said they read all the medical news, 28% 
all the nonmedical science items, in their newspapers. Women prefer medical, men 
favor nonmedical, stories. The amount of science news read increases with the edu- 
cation of the reader. Some 28% would like more nonmedical science, 30% would 
like more comics; 8% confused science and science fiction, even when the latter was 
so labeled (on television). A very small number would delete science news to make 
room for other things, while 20% would reduce space given to society, crime, and 
sports, to permit more science coverage. A common complaint was that science re- 
ports do not give enough details. 


To quote from the conclusions: “Science stories, even of the less widely read 
non-medical variety ... have greater reading in depth than Washington political 
coverage and foreign events... . Reporters and script writers, given more training 
and more time for assignments, would be able to provide more details, greater back- 
ground, better interpretation, and, it is hoped, higher accuracy.” 


What has this to do with our Society? For one thing, we have tried to get local 
publicity for our National Meetings, with but little success. Surely some of our ac- 
tivities, or the background stories of the research which is sponsored, presented, and 
published, have interest for a segment of the public. Possibly a committee should be 
formed to study the situation, decide whether we do have news for the public, and, 
if so, investigate methods of presenting it. 
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How to save 77 years 


The boy Galileo sat in the sanctuary of 
Pisa’s great cathedral, observing the movement 
of a lamp which had been set swinging by a 
sudden gusty draft. The chain by which it was 
- suspended from the high ceiling was of such a 
1 length that the arcs decreased but slowly. Strange 

thing, though. No matter how far the pendulum 

swung, its movement consumed the same time. 

N Galileo made a note of that. The year was 1581. 


‘ The old man sat at his writing desk, sixty 
years and a thousand disputes later, writing down 

a new theory. The regularity of a swinging pen- 

‘ dulum might be combined with a spring 
mechanism to improve the unreliable clocks of 
that day. So Galileo scribbled on, and did nothing 


; . more about it. A number of years after his death 
‘e ; Huygens took the notes and invented the pen- 
f H dulum clock. Seventy-seven years had elapsed since the 


boy made the observation upon which it was based! 


The creative thinker today still need not 
have a specific use in mind when, by equation or 
formula, he branches off from the accepted to the 
hitherto unknown. The classic invention of this 
decade, the transistor, evolved in the Bell Tele- 
phone Laboratories as scientists sought a deeper 
understanding of semiconductors. On the other 
hand, another great invention, the feedback am- 
plifier, came from the acutely creative mind of 
one Bell engineer faced with a specific problem. 


te 
ak 


Current Bell Laboratories activities—in such 
areas as data transmission, radar and submarine 
cable development—call for the coordinated 
efforts of all types of thinkers and all types of 
approaches. One type complements another. 


Today, seventy-seven years would not have 
elapsed between the swinging lamp and the 
swinging clock pendulum—certainly not at Bell 
Labs, where ideas, though not rushed, are care- 
fully advanced toward fruitful application in 
national defense, industry and communications. 
An important part of this harvest is the efficiency 
of America’s telephone service, unequalled any- 
where else in the world. 


BELL TELEPHONE LABORATORIES 


WORLD CENTER OF COMMUNICATIONS RESEARCH AND DEVELOPMENT 
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“For want of a nail the battle was lost” becomes 
painfully true when translated to lack of purity in 
the semi-conductor material you choose for your 
transistors, diodes or other silicon devices. 


The Pechiney process, used in the manufacture 
of Grace Silicon, is noted for a product with low 


(ultra-high-purity) 


boron content as well as overall high purity. 


May we suggest that whenever top quality 
silicon is desired—silicon combining both high 
purity and uniform quality—you get in touch 
with Grace ELectronic CHemicats, INc., at PLaza 
2-7699, 101 N. Charles Street in Baltimore. 


GRACE ELECTRONIC CHEMICALS, INC. 


\S 101 N. Charlies St., Baltimore, Maryland 
Subsidiary of W. R. GRACE & Co. 
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The Flade Potential of lron Passivated by Various 
Inorganic Corrosion Inhibitors 


Herbert H. Uhlig and Peter F. King! 
Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 


ABSTRACT 


The characteristic potential obtained just before decay of passivity (Flade 
potential) was measured for iron passivated by ferrates, nitrites, chromates, 
molybdates, tungstates, conc. HNO,, and by anodic polarization in H:SO,. The 
Flade potential is linear with pH, of slope 0.059 up to approximately pH 4.5. 
Above this value up to pH 11.5, the potentials tend to follow an extension of 
the data in acids in the case of iron passivated by chromates and nitrites, but 
reach a constant value for iron passivated anodically or by conc. HNO;. The 
standard Flade potential (pH =0) for various passivators is increasingly noble 
in the order: nitrite (—0.50 v); chromate, ferrate, molybdate (—0.54 v); 
tungstate (—0.61 v); and anodic polarization or conc. HNO, (—0.64 v). The 
average of these values is in reasonable accord with previously reported values 
and only small observed deviations from the average indicate that the structure 
and composition of the passive film on iron is largely independent of the passi- 
vation process. 

This is explained by a primary passive film consisting essentially of a 
monolayer of chemisorbed oxygen atoms through gaps of which a layer of O, 
molecules is chemisorbed. The calculated free energy of formation of such a 
film (—30,000 cal/mole ads. O), the chemical equivalents of passive film sub- 
stance (0.01 coulomb/cm*), and the oxidizing capacity (12 x 10° equivalents/ 
cem*) are all consistent with independent data obtained by others for oxygen 
adsorption on iron, coulometry, and reaction of the passive film with CrO, to 
form CrO,~. 

The mechanism of passivity, accordingly, is proposed to consist of: (a) ad- 
sorption of the passivator on the metal or metal oxide surface; (b) depolariza- 
tion of cathodic areas by the passivator accompanied by anodic passivation of 
residual small areas of exposed metal; the adsorbed oxygen film is formed at 
anodes by discharge and combination of OH at current densities above approx- 
imately 17 amp/cm* in accord with data of Franck; and (c) very slow forma- 
tion of iron oxides with continual repair of the adsorbed oxygen film by elec- 
trochemical action, as described, at pores in the oxide. Oxide formation is 
accelerated by elevated temperatures and presence of certain anions, e.g., Cl. 

It is proposed that the greater stability of the passive film formed by some 
passivators is accounted for by supplementary adsorption of the passivator on 
the passive film, accompanied by shift of the Flade potential to a less noble 
value. 


In 1911, Flade (1) showed that if iron is pas- 
sivated in concentrated HNO, or by anodic polar- 
ization in dilute H.SO,, the decay of passivity with 
time is represented: first, by a steep fall of potential 
in the active direction; second, by a less steep change 
lasting for a fraction of a minute to several minutes; 
and third, by a steep descent to the active value. The 
value of potential immediately preceding the steep 
descent was called by Flade the “umschlagspunkt” 
and by later workers the Flade potential. This criti- 
cal potential was shown by Flade to be more noble 
the higher the concentration of acid in which the de- 
cay took place, and also that the value at constant 
pH became more active by about 50 mv as the tem- 
perature was decreased from 15° to 0°C. Franck (2) 


E,(volt) = —0.58 + 0.058 pH 


suggesting, therefore, a reversible thermodynamic 
relationship to pH of the activating acid. Rocha and 
Lennartz (3) measured the Flade potentials for 
Fe-Cr alloys and Cr in H.SO,, their values for which 
showed a slope of potential plotted with pH of 0.058 
for alloys below about 12% Cr and 2x 0.058 for alloys 
of higher Cr content. Earlier, Miller and Cupr (4) 
provided data for potential behavior of Cr which show 
on plotting vs. pH a slope of 0.058 characteristic for 
spontaneous activation of Cr in various acids, and 
2x 0.058 for Cr activated by cathodic polarization. 
Recently Cartledge and Sympson (5) demonstrated 
that iron passivated by sodium molybdate, tungstate, 


showed that the Flade potential E, for iron in acid 
media accurately followed the relation (A.C.S. Sign 
Convention) : 


1 Present address: Dow Chemical Company, Midland, Michigan. 


and chromate or by potassium pertechnetate also ex- 
hibits Flade potentials that are linear with pH, of 
slope 0.058, the average absolute values for which 
parallel those by Franck for iron passivated in con- 


a 
: + 
it 
- ak 
| 
la 
: 
‘ 
| 
1 


2 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


centrated HNO, or anodically in H,SO,. The present 
measurements explore Flade potentials for iron pas- 
sivated by ferrates and nitrites in addition to chro- 
mates, molybdates, tungstates, concentrated HNO,, 
and by anodic polarization in H,SO,. The experi- 
mental procedure differs somewhat from that used 
by Cartledge and Sympson, and the pH range is in- 
creased to include the alkaline region. 


Experimental Procedure 

Electrodes of about 2 cm’ area were prepared from 
mild steel. This composition has an advantage over 
higher purity iron in that passivity is found to be 
more stable during transfer from the passivating 
solution to the activating solution. Carbon steels are 
more readily passivated by concentrated HNO, than 
is pure iron (6), probably because of cementite pres- 
ent as a second phase in the carbon steels which acts 
as the noble component of a galvanic couple, hasten- 
ing anodic passivation of the metallic phase (fer- 
rite). For example, coupling of platinum to iron also 
hastens passivity. Cementite, accordingly, stabilizes 
passivity probably by allowing galvanic action to 
continue during transfer of the specimen. Flade 
showed earlier (1) that carbon steel or electrolytic 
iron exhibits essentially the same “umschlagspunkt.” 

The electrode was assembled with a nickel wire 
silver soldered to a stem machined on the steel spec- 
imen, the wire being enclosed by an 8 mm diameter 
glass tube. A Teflon gasket maintained a water-tight 
seal between steel and glass tube at one end, with 
constant contact being effected by means of a screw, 
nut, and rubber grommet attached to the wire at the 
other end. The gasket was machined so as to insure 
against crevices or leakage which if not avoided 
made it difficult to obtain optimum passivity. 

Passivator solutions were made up from reagent 
grade salts and distilled water in the following con- 
centrations: (a) 0.0025M and 0.1M NaNO., (b) 
0.0025M K.CrO,, (c) 0.0025M Na.WO,, (d) 0.0025M 
Na,MoO,. In addition, concentrated CP HNO, was 
used, and 0.1% K.FeO, solution prepared according to 
the method described by Thompson, Ockerman, and 
Schreyer (7). 

Electrodes were passivated by immersion in one 


of the above solutions for a period of usually several. 


minutes up to 1 hr, or whatever time was required 
to achieve a stable noble potential. Electrodes were 
then washed successively in 3 beakers of distilled 
water, and finally immersed in water adjusted to a 
known pH by means of HNO,, H.SO,, or NaOH. It 
made no apparent difference whether HNO, or H.SO, 
was used for adjustment in the lower pH range. The 
decay of potential vs. time was measured with ref- 
erence to Ag-AgCl, 0.1N KCl electrode using a 
Na.SO, salt bridge and employing an electronic gal- 
vanometer and portable potentiometer. Corrections 
were not made for liquid junction potentials. Typi- 
cal decay curves are shown in Fig. 1. The potential 
obtained just before the abrupt drop was recorded 
as the Flade potential. Cartledge and Sympson used 
instead the average value of the potential at the 
plateau preceding breakdown, but this procedure 
differs from that first described by Flade. It seems 
to us more likely that the potential corresponding to 
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O Passivated 0.1% Ka FeO., 
Activated pH 1.9 

Passivated .0025 M Na, MoO,, 
Activated pH 1.6 

@ Passivated .00O25 M NaNO, 
Activated pH 5.8 


KCI 


(Volts) vs Ag AgCi,0 


2 3 a 5 
Time (min) 


Fig. 1. Potential decay of passive iron and Flade potential Er 


the thinnest passive film, i.e., just before the steep 
decline, represents the equilibrium state between 
film and solution, and that it is this potential in 
which we have most interest. In any case, however, 
the relatively large experimental error in determin- 
ing the Flade potential makes the particular proced- 
ure in this regard of small consequence. This is evi- 
dent from the relatively good correspondence of our 
data with those of Cartledge and Sympson. 

The procedure used by the latter authors for ac- 
tivating their electrodes consisted of adding sodium 
sulfate to the passivator solution until passivity de- 
cayed, without removal of the electrode. Our method 
was to remove the electrode from the passivator 
solution, wash it, and then place it in an aqueous 
solution of known pH. The latter procedure pro- 
duced a sharper change from the passive to active 
state, with apparently less experimental scatter. 


Results 

Flade potentials determined as described above, 
where each point represents one or more runs, are 
plotted vs. pH in the acid range up to pH 4.5 in Fig. 
2 and 3. Although a single line of slope 0.059 and in- 
tercept at —0.57 v for pH 0 might have been 
drawn through all the points with maximum devi- 
ation of about +150 mv, the pattern of data favors 
individual straight lines through points relating to a 
0.1 


x Anodically Possivated in H2,SO, | 
© Passivated in HNO, 

@ Paossivated in NaNO, 

Passivated in K,CrO«g 


E, Volts, Hg Scale 


4 5 


Fig. 2. Flade potentials for iron in acid range 
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Fig. 3. Flade potentials for iron in acid range 


given passivator. All lines so drawn have a slope of 
approximately 0.059, but the intercepts are increas- 
ingly noble in the following order: 


Approx. intercept, 
Pp 


FLADE POTENTIAL OF IRON 


H = 0 (He scale) 
v 


Passivator 
1. NaNO, —0.50 
2. K.CrO,, K.FeO,, Na.MoO, —0.54 
3. NasWO, —0.61 
4. Anodic polarization in 
H.SO,; conc. HNO, —0.64 


Measurements in the near-neutral and alkaline 
range were not as reproducible, and passivator solu- 
tions behaved with greater individual differences in 
comparison to their behavior in acid environments. 
Data are plotted in Fig. 4. 

Potentials of Fig. 2 and 3 agree in slope with those 
reported by Franck, and by Cartledge and Sympson. 
The average intercept at pH = 0 of —0.57 v is also 
close to the average value of their data. However, 
drawing the best line through individual points for 
passivation by HNO,, or anodically in H.SO,, pro- 
duces an intercept of —0.64 v, which is more noble 
than the average by 0.07 v. This value can be com- 
pared with the still more noble standard Flade po- 
tential reported by Rocha and Lennartz for iron 
anodically passivated in H.SO, equal to —0.68 v. 

There is a tendency for Flade potentials of iron 
previously passivated in K.CrO, and then activated 
in alkaline solutions to follow an extrapolation of 
data obtained in acid media as indicated by the 
dotted line of Fig. 4. Two points for NaNO, fall 
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Fig. 4. Flade potentials for iron in near-neutral and alkaline 
ranges. 
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within the same region. These data as mentioned 
earlier are inherently more difficult to reproduce, 
particularly since breakdown of passivity is slug- 
gish in the alkaline region and sometimes does not 
occur at all within a reasonable time. More definite 
conclusions are reached in this region for iron pas- 
sivated in concentrated HNO, or by anodic polar- 
ization. Flade potentials lie on a line of zero slope 
from pH 4 to 11.4, the mean value for which, —0.41 
v, is considerably more noble than comparable val- 
ues for nitrite or chromate. 


Discussion 

It is significant that all Flade potentials whether 
in the alkaline or acid region are more noble by sev- 
eral tenths volt than corresponds to potentials for 
any of the several oxides of iron in equilibrium with 
metallic iron (8, 9). Hence, the passive film does 
not appear to be any single known iron oxide. Vetter 
(9, 10), in order to account for the facts, hypothe- 
sized a high potential gradient within a film of Fe.O, 
overlying a film of Fe,O,. GGhr and Lange (11) and 
Schottky (12) discussed various possible ionic equi- 
libria within the oxide or at the oxide surface. 

Gohr and Lange by assuming equilibrium between 
a layer of yFe.O, overlying a layer of Fe,O,, and mak- 
ing certain assumptions regarding the free energy of 
formation of yFe.O;, show that the following reac- 
tion may account for the Flade potential: 


Fe,O, + 1/2 H.0— 3/2 yFe.O, + 2H’ + 2e 


Heusler, Weil, and Bonhoeffer (13) concur in a 
model based on yFe.O, overlying Fe,O,. Cartledge 
(14) suggested an inner oxide, e.g., an abnormal 
“FeO,” in contact with an outer iron oxide in a 
higher oxidation state to account for the Flade 
potential. 

Some of the assumptions upon which these pro- 
posals are made immediately run into difficulty in 
explaining the Flade potential of Cr (0.2 v) which 
is also more noble than corresponds to Cr.O, in 
equilibrium with Cr and for which only one known 
oxide forms on the metal surface. Furthermore, the 
total observed thickness of passive film substance, 
assuming it to be an oxide, is hardly sufficient to 
accommodate two layers of oxides. For example, the 
approximate number of chemical equivalents of pas- 
sive film substance on iron as measured by coulo- 
metry (15) or by the oxidizing capacity of the film 
(16) corresponds to only 0.01 coulomb/cm’* appar- 
ent surface. Assuming that the roughness factor for 
pickled iron is similar to the measured value of 4 
for 18-8 stainless steel pickled in hydrochloric-sul- 
furic acids (17), the value becomes 0.0025 coulomb/ 
cm’ absolute surface. This figure becomes larger as 
iron is polarized to more noble potentials, but be- 
comes smaller as the Flade potential is approached 
where the passive film reaches minimum thickness 
consistent with retention of passivity. Hence assum- 
ing 0.0025 coulomb/cm’, the average thickness is 
14A if the passive film is composed of Fe,O,, and it 
can be thinner:’ if it is yFe.O,, the corresponding 


2 Employing for FesO, and +Fe,O; equivalent weights and densities 


of 28.9, 26.6, and 5.2, 5.1, respectively. The above thickness of the 
passive film should not be confused with thicker layers of oxide 
(25-100A) residual on iron surfaces after passivity has decayed. 
This matter is discussed later. 
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thicknes is 13A. But the unit cell dimensions of 
Fe,O, and yFe.O, are 8.3 to 8.4A (18, 19), the sum of 
which is 16.7A. Hence, it does not seem likely that 
thermodynamic properties of bulk oxides, as em- 
ployed by Géhr and Lange, for example, can have 
much significance with respect to properties of the 
passive film near the Flade potential where the total 
thickness is less than the sum of the unit cell di- 
mensions. Along the same lines, it is difficult to con- 
ceive of a high potential gradient (>10° v/cm) ina 
Fe.O, film overlying Fe,O, as hypothesized by Vetter, 
where the Fe,O, layer has a thickness less than the 
dimensions of the unit cell. A third difficulty with 
this duplex oxide film model is that, so far, it has not 
been able to explain the ability of the passive film to 
oxidize CrO, to CrO,- as measured by Uhlig and 
O’Connor (16). 

These difficulties are overcome by the suggestion 
(20) that the passive film is not an abnormal oxide 
or double oxide, but is essentially chemisorbed oxy- 
gen instead, and that the Flade potential corresponds 
to the following equilibrium: 


3H.O + Fe surface = O-O, (adsorbed on Fe) 
6H’ + 6e [1] 


The standard potential for this reaction (pH = 0) is 

0.58 v according to Franck’s data or —0.64 v ac- 
cording to Fig. 2. The structure O-O, (ads. on Fe) 
signifies a complete monolayer of chemisorbed oxy- 
gen atoms through gaps of which a further layer of 
O, molecules is chemisorbed in accord with the sug- 
gested structure of chemisorbed oxygen on tungsten 
(21). This structure is consistent with the observed 
approximate 0.01 coulomb/cm* apparent surface of 
passive film substance. At the Flade potential, as 
mentioned earlier, the film is somewhat thinner than 
corresponds to O-O., and may more nearly corre- 
spond to a film of atomic oxygen. For passive poten- 
tials more noble than the Flade potential, the film 
probably contains not only chemisorbed oxygen ad- 
ditional to an atomic monolayer, but also adsorbed 
OH, the amount depending on the extent to which 
iron is polarized anodically by the passivation 
process. 


On breakdown of passivity in accord with: 
O-O, (ads. on Fe) + 2Fe + 3H.O > Fe(OH), 


a residual film of Fe,O,, 60A thick is accounted for, 
in reasonable agreement with measurements of 
Schwarz (22) and Gulbransen (23). It is the decom- 
posed passive film which was observed by electron 
diffraction measurements of Mayne and Pryor (24) 
which they reported as yFe.O,,. 

A major support for chemisorbed oxygen as the 
composition of the passive film comes from thermo- 
dynamic data. From Tompkin’s measurements (25) 
on the direct chemisorption of gaseous oxygen on 
iron, SH -75,000 cal/mole O,. The standard en- 
tropy of adsorption AS” is approximately equal to 

46.2 e.u. (26) with a standard state of half surface 
coverage. Hence, since AH” is not sensitive to the ex- 
tent of surface coverage (27) we can use the relation 
AG", the free energy of adsorption, AH’ — TAS° : 
61,300 cal/mole oxygen adsorbed. Accordingly: 
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3/2 O, + Fe surface ~ O-O, (ads. on Fe) 


AG’ = —3/2 x 61,300 cal [2] 
3H.O > 6H’ + 3/20, + 6e 
AG’ = 170,000 cal (28) [3] 


Adding [2] and [3]: 
3H.O + Fe surface > O-O, (ads. on Fe) + 6H’ + 6e7 
AG’ = +78,000 cal [4] 


The corresponding standard potential E° equal to 
—AG’/6F is —0.56 v. This value agrees within rea- 
sonable limits with the measured values of —0.58, 
—0.64, and —0.68 v quoted previously. 

Bonhoeffer (29) and his co-workers showed that 
passivation of iron in concentrated HNO, proceeds 
by an electrochemical reaction in which nitrous 
acid, HNO., acts as a strong cathodic depolarizer. The 
major part of the iron surface serves as cathode re- 
sulting in very high current densities reaching ap- 
proximately 17 amp/cm’* (2) at small residual anodic 
surfaces. These high anodic current densities pro- 
duce the passive film, which in turn becomes the 
seat of the continuing cathodic reaction, thereby 
favoring spread of passivity over all the surface. 

The nitrous acid resulting from reduction of HNO, 
plays a very important part as depolarizer, therefore, 
in passivation by nitric acid. It is proposed herewith 
that the passivators reported in this paper act also 
by depolarization to produce the passive state, and 
that the resulting composition and structure of the 
passive film are basically the same in all cases. The 
similarity of Flade potentials makes this conclusion 
plausible. Chromates, for example, first adsorb on 
the iron surface, and on iron oxides if present, and 
as such act as cathodic depolarizers. Since adsorp- 
tion and depolarization occur over the entire surface, 
current densities at gaps in the adsorbed film easily 
reach the order of 17 amp/cm’. The ultimate passive 
film, which is essentially chemisorbed oxygen re- 
sulting from discharge and combination of OH, is 
formed by anodic polarizaton. It is formed at a rate 
measurably slower than for nitric acid presumably 
because of the slower rate of cathodic reduction of 
chromates as compared with HNO..’ This slower re- 

® Uhlig and O'Connor (16) proposed that ferrates or similar higher 
valence iron compounds form when iron reacts with concentrated 
HNO; and that such compounds adsorbed on iron probably consti- 
tute the passive film. They calculated the amount of adsorbed fer- 
rate on the iron surface from the ability of the passive film to 
oxidize CrOz to CrO,-~ in NaOH solution. 

It now appears from the foregoing data that it is not necessary to 
assume formation of ferrates as such as source of the observed oxi- 
dizing property of the film. Instead, adsorbed oxygen expressed as 
O-O, ‘ads. on Fe) can also account for the facts. This adsorbed 
oxygen is related to the ferrate structure in that strongly alkaline 
media convert the adsorbed film continuously to ferrates in accord 
with the reaction: 

O-O, ‘ads. on Fe) + Fe + 2NaOH - NasFeO, + H,O + Fe surface 


as is observed when iron is polarized anodically in concentrated 
NaOH. 


In dilute NaOH, ferrates act as passivators in accord with: 
2Na,FeO, + 5H-O + Fe surface + O-O, (ads. on Fe) + 
2Fe(OH)s + 4NaOH 


Iron immersed in K»FeQ,, therefore, preforms the passive film and 
no initial reaction occurs on subsequent immersion of iron into conc. 
HNOs, a reaction that is necessary otherwise to form a minimum 
concentration of HNO» to serve as depolarizer (16). 

The herein-described mechanism of passivation by chromates 
(and similar passivators) modifies the earlier proposal by one of us 
that the primary passive film consists of chromate adsorbed directly 
on the metal. From present data, formation of such a film more 
likely is the first stage of passivation. This is followed by formation 
of the anodically produced oxygen film, which is actually the pri- 
mary passive film. Iron oxides form more slowly as a third stage 
process, but they contribute relatively less to corrosion resistance 
compared to the adsorbed oxygen film which continues at the base 
of pores in such oxide layers so long as chromates are present in 
solution. Elevated temperatures and certain anions (e.g., Cl-) ac- 
celerate formation of iron oxide and accompanying reduction of 
chromate. 
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duction can account for the fact that it requires only 
seconds for passivation of iron in conc. HNO, but 
about % to 1 hr for the passive film to form com- 
pletely in chromates as indicated by potential meas- 
urements (30), and from experiments on the effect 
of pre-immersion of iron in chromates on the rate of 
reaction with concentrated HNO, (31).* 

The above described reaction of iron with di- 
chromate can proceed as follows: 


+ 14H’ + 6e 2Cr’** + 7H,O 


= 1.33 v [5] 
3H,O + Fe surface > 6e + 6H* + O-O. (ads. on Fe) 
= —0.54v [6] 


Adding [5] and [6]: 
Cr.0, ~ + 8H’ + Fe surface > 2Cr*** + 4H,O + 
O-O. (ads. on Fe) E* = 0.79 v [7] 


The positive value of emf for reaction [7] indicates 
that the reaction can go spontaneously; in other 
words, dichromate can produce the chemisorbed pas- 
sive film by anodic polarization in the same way as 
can cone. HNO, or direct anodic polarization in 
H.SO,,. It is reasonable that a similar reaction should 
occur in alkaline media forming perhaps basic 
chro:nie chromate (32) as end product, but free en- 
ergy data for this reaction are not available. 
According to reaction [7], each mole Cr.O;~ 
which is reduced to form the passive film forms two 
moles Cr***. If Cr*** so produced is retained on the 
metal surface, perhaps as hydrated Cr.O, or ad- 
sorbed as the ion, the amount so formed is an indi- 
cation of the number of equivalents of passive film 
substance per unit surface. Geary (33) found 3 x 10” 
Cr atoms/cm’ or 5 x 10° g-atom/cm’ retained on an 
iron surface after passivation by dichromate using 
radioactive Cr as tracer. In this experiment, the iron 
surface was hydrogen-reduced at 1000°C, then ex- 
posed to deaerated 0.0005M Cr.O,~ solution of pH 
1.9 for 2 to 17.5 hr avoiding contact with air. The 
iron surface was washed in distilled water before 
counting. The same approximate amount of residual 
Cr was reported by Brasher and Stove (34), by 
Powers and Hackerman (35), and by Cohen and 
Beck (36) for air-exposed iron. This quantity of 
chromium, calculated in accord with conditions of 
reaction [7], corresponds to 2.5 x 10° mole O-O, 
(ads. on Fe)/cm** or 15 x 10° equivalents of pas- 
sive film substance per cm’. This value is in good 
agreement with the maximum amount of passive 
film substance on iron (2x 10° mole O-O, ads. on 
Fe/cm’* or 12 x 10° equivalents of passive film sub- 
stance/cm’*) found by O’Connor (16) from the oxi- 
dizing capacity of the passive film. It is also in ac- 
*When the passive film is previously formed by immersion of 
iron in O»-saturated 0.1% KeCr-O; for more than but not less than 
4% hr, no measurable iron reacts on subsequent immersion in con- 
centrated HNOs, whereas for air-exposed iron, omitting chromate 
immersion, about 0.04 mg/cm? (16) reacts before the iron-HNO; 


reaction subsides. In deaerated 0.1% KeCrO;, the time to reach 
optimum passivity is longer (approx. 2 hr). 


5 This calculated amount should be reduced by the amount of 
chromate irreversibly adsorbed on the passive film itself. Since a 
close-packed monolayer of CrO,-- (diam. = 5.4A) on a surface of 
roughness factor = 3 amounts to only 0.2 x 10-* mole/cm?, the 
correction is small. 


*The reaction studied by O’Connor is assumed (20) to be the 
following: 
O-Oy, (ads. on Fe) + Fe + OH- + CrOr + HxO-— Fe(OH), + Cro,- - 
AGe = 33,000 cal 


He found that a maximum of 2 x 10-* mole CrO,- - was formed per 
cm? of passive iron, which was reported as equivalent to 2 x 10-* 
mole ferrate/cm? instead of 2 x 10-* mole O-O. (ads. on Fe) /cm?. 
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cord with Weil’s value of about 0.01 coulomb/cm* 
passive film substance as determined by coulometry 
(15 x 10° x 96,500 = 0.014 coulomb). 

It is probable that most other passivators operate 
by a mechanism similar to that outlined above for 
chromates. This mechanism explains why sulfates or 
perchlorates are not passivators even though they 
have the XO,” structure. Ions of this kind either do 
not reduce, or do so too slowly to fulfill the require- 
ments of a cathodic depolarizer. On the other hand, 
oxidizing substances such as chlorides for which the 
minimum current density for anodic passivation is 
very high or infinite, also do not meet the require- 
ments of a passivator. Hypochlorous acid and ferric 
chloride are in this category. Alkaline inhibitors 
such as Na,PO,, Na.CO,, and NaOH act as passivators 
only in the presence of dissolved oxygen (37, 38) 
and hence the cathodic reduction of these substances 
is not required for passivation. Instead, most alka- 
line substances probably displace adsorbed H, the 
latter tending to form whenever iron is exposed to 
an aqueous environment, and favor adsorption of 
OH together with oxygen on the metal surface. 
Hence for these substances an adsorbed oxygen- 
hydroxy] ion film can form directly without the nec- 
essity of anodic polarization. This same situation 
applies to Cr and the stainless steels which be- 
come spontaneously passive on exposure to air. 

Dissolved oxygen is also required for passivation 
of iron by molybdates and tungstates (38). A possi- 
ble explanation is that oxygen as well as the passi- 
vator adsorbs on the metal thereby increasing cath- 
odic and decreasing anodic areas. This extension of 
cathodic sites and limitation of anodic sites favors 
attainment of the critical current density necessary 
for anodic passivation. Oxygen may be necessary, in 
other words, because molydates and tungstates are 
not sufficiently good cathodic depolarizers on a clean 
iron surface, but they become effective if the gal- 
vanic current accompanying their cathodic reduc- 
tion is restricted to smaller anodic areas as when 
oxygen is present on the surface. 

With chromates, dissolved oxygen is not necessary 
for passivation, but oxygen does increase the rate of 
passivation (31) in accord with the mechanism just 
described. 

The passive film formed by pertechnetates may 
also consist essentially of chemisorbed oxygen. From 
data by Cartledge and Smith (39) for the reaction: 


TcO.(c) + 2H.O> TcO, (aq) + 4H’ + 3e 
E’ = —0.738 v [8] 


it is concluded that the following reaction is sponta- 
neous: 


2TcO, + 2H’ + Fe surface > O-O, (ads. on Fe) 


H,O + 2TcO, E* = +0.20v [9] 


Radioactive counts by Cartledge (40) on an iron 
surface passivated by TcO, corresponding to amounts 
of Tc much less than 4 x 10° g-atom/cm’* suggests 
that reduced TcO,, whatever its composition, enters 
solution rather than precipitating or adsorbing on 
the metal surface, in contrast to the situation for 
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chromates. There is also the possibility that a mono- 
layer or partial monolayer of adsorbed TcO; can in 
itself satisfy surface affinities, as does CO adsorbed 
on 18-8 in HCl, without reduction. This seems less 
likely in view of the fact that Cl or SO,~ can and 
do stimulate reduction of TcO, by metallic iron 
(41), similar to accelerated reduction of other pas- 
sivators in presence of these ions. 

The slightly more active standard Flade potentials 
for iron passivated by nitrites and chromates as 
compared with concentrated HNO, or anodic passi- 
vation in H,SO, (Fig. 2) is evidence of a slightly 
greater stability of the passive film formed by the 
first two substances. This stability is also evident 
from the usually longer time it requires for passivity 
to break down using chromates as compared with 
the less stable passive film formed by HNO, or by 
anodic polarization. The greater stability can be ac- 
counted for by adsorption of the passivator sub- 
stance itself, subsequent to the passivation process, 
directly on the chemisorbed oxygen film, thereby re- 
ducing the over-all free energy of the system. Ad- 
sorption of passivator on an underlying oxide layer 
was proposed by Powers and Hackerman (35, 42) 
based on contact potential measurements, where, 
however, an adsorbed oxygen layer would also fit 
the facts. For example, the following adsorption can 
occur: 

O-O, (ads. on Fe) + H,CrO,-> 
O-O,-H-H-Cr0O, (ads. on Fe) 


the free energy change for which is calculated to be 

13,700 cal based on —0.54 v for the standard Flade 
potential for iron passivated by chromates compared 
to —0.64 v in concentrated HNO,. If there is supple- 
mentary adsorption of Fe’** or Fe(NO,), on the pas- 
sive film in HNO,, as seems likely, the calculated 
AG” is for displacement of such an adsorbate by 
H.CrO,. In other words, the interaction between 
passivator and passive film on which passivator is 
adsorbed can account for slight variations in Flade 
potential and for the observed differences in sta- 
bility of the passive film. On this basis, nitrites ad- 
sorb on the passive film more strongly than do chro- 
mates, ferrates, and molybdates (Fig. 2, 3), and the 
latter in turn more strongly than tungstates. 

Reasons for the constant Flade potential in the 
region of pH 4 to 11.5 when iron is passivated an- 
odically or by HNO, probably depend on change in 
mechanism of passive film breakdown for less acid 
environments. It is known that corrosion of iron in 
HNO, or H,SO, continues even when it is passive, 
hence, it is not unlikely that the surface pH rises 
and that an insoluble basic ferric salt or ferric hy- 
droxide forms as end product of passive decay in 
solutions of pH as low as 4 to 5. 

Since considerable ferric nitrate or ferric sulfate 
forms at the iron surface just prior to passivity, we 
can assume with justification that Fe’*’ or Fe(NO,), 
adsorbs on the passive film. Accordingly a plausible 
reaction accounting for breakdown of passivity, 
which is independent of pH, is the following: 


2Fe’*’-O-O, (ads. on Fe) + 3H,O> 2Fe(OH), — 6e 
AG® = —75,440 cal 
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The standard free energy change for this reaction is 
based on standard free energies of formation of 
Fe(OH),(s), Fe’*(aq), O-O, (ads. on Fe) and 
H.O(1), equal to —166,000, —2,530, —81,500," and 
—56,690 cal per mole, respectively, discounting the 
small free energy of adsorption of Fe*** on the passive 
film. The standard potential is accordingly 0.54 v, 
or —0.54 v for the same reaction written as an oxi- 
dation step. This is to be compared with the observed 
potential of —0.41 v (Fig. 4). The difference of 0.13 
v is probably due, other than to experimental error, 
to free energy of adsorption of Fe’** not included in 
the calculation, and possibly to reaction products 
differing in composition from Fe(OH),. The above 
reaction does not go when iron is passivated by 
chromates and similar passivators because soluble 
ferric salts are not formed in high concentration, 
and hence are not adsorbed on the passive film. Ac- 
cordingly, for such passivators breakdown of pas- 
sivity in alkalies follows a course not much different 
from that in acids, as is observed. 
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ABSTRACT 


Thiocyanic and citric acids are efficient inhibitors of dissolution of iron in 


35. R. Powers and N. Hackerman, This Journal, 100, 
314 (1953). 

36. M. Cohen and A. Beck, “International Symposium 
on Passivity,” Heiligenberg, West Germany, Sep- 
tember 1957. 

37. H. H. Uhlig, Metaux & Corrosion, 23, 204 (1947). 

38. M. Pryor and M. Cohen, This Journal, 100, 203 (1953). 

39. G. Cartledge and W. Smith, Jr., J. Phys. Chem., 59, 
1111 (1955). 

40. G. Cartledge, ibid., 59, 979 (1955). 

41. G. Cartledge, Corrosion, 11, 355t (1955); J. Phys. 
Chem., 60, 28 (1956). 


42. N. Hackerman and R. Powers, J. Phys. Chem., 57, 
139 (1953). 


dilute HNO; solutions. It is concluded that inhibition does not generally involve 
“poisoning” the combination step in the hydrogen evolution reaction. Some 
observations on the kinetics of dissolution of iron in dilute HNO, solutions are 


also presented. 


There is little doubt that organic compounds 
which inhibit dissolution of metals in acids adsorb 
at the metal-solution interface. There are a number 
of ways in which the resultant adsorbed film could 
modify the kinetics of the dissolution process. It has 
been suggested (1) that adsorbed inhibitor on iron 
deactivates “active centers” at which the reaction 


Huss. + Hiss > He (g) {1] 


between adsorbed hydrogen atoms takes place. Ac- 
cording to this view, inhibition of iron dissolution 
is closely associated with occurrence of reaction [1]. 

Polarization studies with some organic compounds 
led Elze and Fischer (2) to the conclusion that inhibi- 
tion of hydrogen discharge governs the process of dis- 
solution in the presence of inhibitors. The particular 
inhibitors used by these authors had a negligible 
effect in the presence of an oxidizing agent (Fe’™’). 
From this result, it was maintained that inhibitors 
function only if reaction [1] above, which accord- 
ing to Elze and Fischer (2) is sensitive to inhibitors, 
is included in the over-all dissolution process. 

It was pointed out (3,4) that work of King and 
Hillner (5) indicates that some organic compounds 
function as inhibitors in strongly oxidizing solutions 
where reaction [1] is unimportant. However, the rel- 
evance of the work of King and Hillner (5) to the 
elucidation of the mechanism of inhibitor action 
was questioned on the ground that the observed 
decrease in dissolution rate may have been due to 
pH changes of the bulk solution (6). 

Makrides and Hackerman (4, 7) found that butyl 
thiourea inhibits dissolution of iron in FeCl,-HCl 
solutions. Any bulk effect of butyl thiourea at the 
concentrations employed was negligible. It was of 


interest, therefore, to establish whether other com- 
pounds function as inhibitors in oxidizing solutions 
where reaction [1] may be neglected. 


Experimental 


The rotating cylinder technique was used (8). 
Armco iron cylinders (99.92-99.96°%% iron content), 
0.94 cm in diameter and about 8 cm long, were ro- 
tated at 250 cm/sec linear speed in 400 ml of solution. 
The cylinders were polished with 2/0 emery paper 
and were degreased with CCl,. Only the lateral sur- 
face was exposed to solution, the top and bottom 
parts as well as the edges being covered with paraf- 
fin. The exposed area was measured for each cylinder. 

Nitric acid solutions of desired concentration were 
made from stock by dilution. The HNO, contentra- 
tion was determined by titration. Water was doubly 
distilled, one distillation being from dilute, alkaline 
KMnO,. 

Stock solutions containing HSCN and citric acid 
were prepared by dissolving a weighed quantity of 
the corresponding potassium salt in an equivalent 
quantity of HNO, solution. Desired inhibitor con- 
centrations were obtained by diluting stock with 
HNO, solutions of selected concentration. With this 
procedure, the hydrogen ion concentration in solu- 
tions containing inhibitors was at least equal, and 
generally greater, than in corresponding solutions 
without inhibitors. 

All solutions were thermostated to within +0.1°C. 


Results and Discussion 
Solutions similar to the ones employed by King 
and Hillner (6) were used originally. First order 
rate constants were calculated from 
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(2] 


Here, V, is the volume of solution, A the projected 
surface area, X the weight loss in time t (300 sec), 
and X, the calculated weight loss for t~ o. Table 
I shows that k varied, with no apparent trend, over 
the concentration range examined. If the (Cl) con- 
centration is varied, while that of (H’) is constant, 
k at first is independent of C,,, but shows a maxi- 
mum at larger (Cl) concentrations (Table II). 
Tables I and II indicate that the rate in solutions 
containing (Cl) depends both on total concentra- 
tion and on the ratio of KNO, to HCl concentration. 

These results are in general agreement with the 
work of Abramson and King (9) who have shown 
that dissolution of iron in KNO,-HC1 solutions is 
complex. Since there is no apparent reason for us- 
ing such mixtures, rather than HNO, alone, the pro- 
cedure of King and Hillner (6) was modified to ex- 
clude chloride ion. 

Dissolution rates in HNO, are given Tables III 
through VI. The results may be summarized as fol- 
lows: (a) approximately two moles of hydrogen ion 
are consumed per mole of iron dissolved; (b) the rate 
constant decreases regularly with increasing HNO, 
concentration; (c) addition of KNO, increases the 
dissolution rate; with Cxos ~ 2Cu., the rate constant 
increased by about 15% (Table V); (d) addition of 
(H’) increases the dissolution rate considerably 
more than addition of (NO, ); with Cu’ ~ 2Cwo,-, the 
rate increased by a factor of about 2 (Table VI). 

Observations (a), (c), and (d) suggest that in 
HNO, solutions diffusion of (H') largely determines 
the rate at which dissolution takes place. The (H’) 
concentration at the interface, therefore, may be 
considered negligible. The (NO, ) concentration at 
the interface is also less than in the bulk, but the 
decrease probably does not exceed 20-25%. While 
it is not possible to state whether (H’) is consumed 


Table | 


T = 30° + 0.1°C; V 250 cm/sec 


Concentration, M k, em/sec* 


0.030 KNO, + 0.0124 HCl 
0.060 KNO, + 0.0248 HCl 
0.090 KNO, + 0.0372 HCl 
0.120 KNO, + 0.0496 HC] 


0.0387 
0.0344 
0.0321 
0.0404 


* King and Hillner (5) find k 0.0351 for 0.06 KNO, + 
at the same (250 cm/sec) linear speed 


0.02 HCl 


Table II 


T = 30° + 0.1°C; V = 250 cm/sec 


Concentration, M k, cm/sec 


0.0231 HNO, 
0.0231 HNO, 4 
0.0231 HNO 
0.0231 HNO, 
0.0231 HNO, 
0.0231 HNO, + 0.0113 KCl 
0.0231 HNO, + 0.0226 KCl 
0.0231 HNO, + 0.0452 KCI 


0.0400 
0.0406 
0.0412 
0.0409 
0.0413 
0.0430 
0.0426 
0.0410 


0.000125 KCI 
0.00250 KCl 
0.00375 KCl 
0.00500 KCl 
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Table 


T = 30° + 0.1°C; t = 300 sec 


Wt. loss from (H*) 
consumption, mg* 


NOs Wt. loss, 
concentration, M mg 


0.0357 122 120 
0.0462 171 162 
0.0925 288 260 


* Calculated from decrease in (H*), as determined by titration, 
assuming 2H* are consumed per mole iron dissolved. 


Tabie IV 


T = 30° + 0.1°C; V = 250 cm/sec 


HNO; concentration, M k, cm/sec 


0.0126 
0.0231 
0.0357 
0.0462 
0.0925 


0.0422 
0.0400 
0.0384 
0.0356 
0.0318 


Table V 


T = 30° + 0.1°C; t = 300 sec 


Wt. loss, 


Concentration, M mg/10cm?_ k, cm/sec 


0.0231 HNO, 62.0 
0.0231 HNO, + 0.0020 KNO, 66.0 
0.0231 HNO, + 0.0040 KNO, 67.0 
0.0231 HNO, + 0.0075 KNO, 65.5 
0.0231 HNO, + 0.0125 KNO, 68.5 
0.0231 HNO, + 0.0250 KNO, 69.5 


0.0400 
0.0430 
0.0436 
0.0426 
0.0452 
0.0465 


Table Vi 


T = 30° + 0.1°C; t = 300 sec 


Wt. loss, 


Concentration, M mg/10 cm?* 


0.0231 HNO, 62.0 
0.0231 HNO, + 0.0077 HC1O, 81.0 
0.0231 HNO, + 0.0128 HC1O, 88.5 
0.0231 HNO, + 0.0256 HC1O, 105.5 


* Weight loss in HC1O, solutions only was 3-3.5 mg. A 


by reaction with reduction products of (NO, ) or by 
reaction with (NO,) after discharge, it may be con- 
cluded, in view of the excess of (NO,;) over (H’) 
at the interface,’ that the concentration of adsorbed 
atomic hydrogen is negligible. Under these condi- 
tions, the contribution of reaction [1] to the over- 
all rate may be neglected. 

The decrease of the specific rate constant with in- 
creasing HNO, concentration is probably caused, at 
least in part, by changes of the diffusion coefficient. 
Since the reaction is under diffusion control, 


k=D/8 


where 4, the equivalent thickness of the boundary 
layer, may be assumed independent of concentration 
(10, 11); D, however, is a function of concentration. 
Any simple correction for this dependence is not 
possible here, particularly in view of the unknown 


' Electrical neutrality is, of course, preserved by an equivalent 
amount of ferrous ion. 
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Fig. 1. Rate of dissolution in 0.0231M HNO: solutions 
containing HSCN. 
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Fig. 2. Rate of dissolution in 0.0231M HNO 
containing citric acid. 


solutions 


effect of ferrous (or ferric) ions on the activity co- 
efficient of (H’). There is also the possibility that 
lack of constancy of k denotes that first order kin- 
etics do not adequately describe the dissolution 
process in HNO, solutions. 


Inhibition 

Thiocyanic and citric acids were used as inhibitors. 
HSCN is known to be a good inhibitor in nonoxidiz- 
ing H.SO, solutions (12), while H,C,H,O, appeared 
to be a promising inhibitor according to King and 
Hillner (6). Runs were made at 30° and 42°C. Re- 
sults are given in Fig. 1 and 2. In both cases, the 
solution was 0.0231M HNO,. 

Both compounds proved to be efficient inhibitors. 


HSCN in particular shows essentially complete in- ‘ 
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hibition at concentrations above 5 x 10° to 1 x 10 °M. 
Runs for periods up to 30 min showed that at least 
half the weight loss observed in this concentration 
range occurred while the system achieved a steady 
state. If, as commonly assumed, inhibitors func- 
tion by adsorption, at small concentrations an ap- 
preciable amount of HSCN is removed from solu- 
tion. At small times, therefore, the solution next to 
the surface may be depleted and the rate at which 
adsorption takes place is then limited by the 
rate of HSCN transport to the interface. From the 
weight loss-time curve in 5 x 10°M HSCN solutions, 
it was estimated that the time required for adsorp- 
tion to come to completion was of the order of 1 min. 

Of the two compounds used, HSCN is the better 
inhibitor. It may be inferred that it is adsorbed 
more firmly. This is borne out by the essentially neg- 
ligible change in rate observed on raising the tem- 
perature to 42°C. The same temperature increase, 
however, shifts the curve for citric acid toward 
higher dissolution rates. 

It is perhaps worth while to point out again that 
in neither case can the observed decrease in rate 
be attributed to a decrease in hydrogen ion con- 
centration of the bulk solution. 


Conclusions 
Inhibition of iron dissolution under conditions 
where reaction [1] is negligible by compounds 
which also inhibit dissolution of iron in nonoxidizing 
acids suggests that the mechanism of inhibition does 
not involve, generally, poisoning of the combination 
reaction between adsorbed hydrogen atoms. 


Manuscript received July 17, 1958. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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Oxidation of Titanium, Zirconium, and Hafnium 


G. R. Wallwork and A. E. Jenkins 


School of Metallurgy, New South Wales University of Technology, Sydney, Australia 


ABSTRACT 


A metallographic study of the high-temperature oxidation of titanium, zir- 
conium, and hafnium has shown that alterations in the rate equations relating 
to such processes may be associated with the establishment of oxygen diffusion 
gradients in the surface layers of the metal. It has been shown that these 
diffusion gradients in the metal extend in depth during an initial period in 
which the total rate of oxidation is given by the familiar parabolic equation. 
Subsequent changes in oxidation behavior have been related to observed 
alterations in the form of these gradients. 


The high-temperature oxidation of the metals ti- 
tanium, zirconium, and hafnium has been investi- 
gated on many occasions over the last decade. How- 
ever, there is still much uncertainty concerning the 
oxidation characteristics of these metals, and the 
aim of this investigation has been to extend the 
available experimental results, most of which have 
been obtained from gravimetric or volumetric oxi- 
dation rate measurements. 

Earlier work on the oxidation of Ti and Zr (1-3) 
has shown that, following an initial period, the para- 
bolic rate equations become linear with further 
passage of time. Smeltzer and Simnad (4) investi- 
gated the oxidation of Hf and reported that loga- 
rithmic, parabolic, and linear equations describe 
the oxidation of this metal over the temperature 
range 350°-1200°C. 

The structure of scales formed on Ti in air has 
been described by Morton and Baldwin (5) and in 
air and oxygen by Kinna and Knorr (6), and the 
scales formed on pure Zr in oxygen in the temper- 
ature range 500°-700°C have been described by 
Belle and Mallett (7). 

Previous work by one of the authors (1,2) has 
indicated the need for a more detailed metallographic 
examination of the oxidized specimens, and this has 
now been carried out subsequent to the develop- 
ment of a suitable metallographic technique. 


Experimental Procedure 

Metal specimens (1.0 x 0.5x 0.1 cm) prepared as 
described by Jenkins (1) were oxidized in pure 
oxygen produced by the thermal decomposition of 
potassium permanganate. The system was initially 
evacuated to 15yu Hg, flushed with oxygen, re-evac- 
uated, and then filled to atmospheric pressure. A 
furnace operating at the required temperature was 
drawn over a silica tube which contained a speci- 
men hanging from a Pt wire in the oxygen atmos- 
phere. The iodide-refined Ti metal was supplied by 
the Phillips Laboratories, Eindhoven, and the anal- 
ysis was reported by Corbett (8). The Hf-free Zr 
was obtained from the U.S.A.E.C. and the Hf, con- 
taining 3-4% Zr, was supplied by the Westinghouse 
Electric Corporation. The oxidized specimens were 
mounted on edge in a cold setting polyester resin 


and abraded on 120, 320, and 400 mesh SiC papers 
followed by wax laps made from 400, 600, and 850 
mesh SiC. Polishing was carried out by first 
rubbing lightly on a napless cloth impregnated with 
ly» diamond paste and then on selvyt cloth carrying 
an aqueous paste of MgO. The thickness of scale 
was measured with a filar eyepiece on cross sections 
of metallographically polished, oxidized specimens. 
The presence of oxygen in the Ti lattice could be 
detected by an increase in hardness of the metal, 
and measurements were therefore made on speci- 
men cross sections utilizing a Leitz microhardness 
instrument with a standard 124° diamond indenter. 


Results 


Titanium 


Experiments performed in the range 800°-1000°C 
for long periods indicated that scaling of Ti was in- 
fluenced greatly by the extent of an oxygen diffu- 
sion gradient in the metal phase of the oxidizing 
specimen. It was noted that the form of this gradi- 
ent altered during the oxidation at corners and sides 
of strip specimens, and that ultimately the gradient 
beneath the main faces of such specimens was af- 
fected by the penetration of oxygen to the center 
of the strip. Further discussion relating to the form 
of scaling under such conditions is left to a later 
stage, and the following comments concern the 
scaling observed on flat surfaces of thick specimens. 

The scales—Two different types of scale were 
observed. Below 800°C only thin, gray adherent 
films were obtained, e.g., 0.2 mm thick after 75 hr 
at 750°C, which on metallographic examination in 
polarized light proved to be translucent. The gray 
appearance of the oxidized specimens is considered 
to be due to reflections from the metal surface be- 
neath the translucent rutile. Above 800°C the scales 
were pale yellow, and microscopically they exhib- 
ited a characteristic form of lamination or banding. 
On closer examination these layers appeared to 
alternate in color from translucent yellow to gray, 
Fig. 1. Platinum marker experiments using wires 
wrapped around the original specimens showed that 
the oxide was formed at the metal/oxide interface, 
and this conclusion was later verified by the use of 
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Fig. 1. Scale formed on Ti metal oxidized for 72 hr at 
850°C, showing the characteristic form of lamination or 
banding. (Polarized light, x 250). 


| 


Fig. 2. Scale formed on Ti oxidized for 24 hr at 800°C, 
showing the inward movement of scale past the Pt marker. 
(Polarized light, x 125). 


Pt plugs inserted through the specimens (Fig. 2). 
X-ray diffraction studies of the scales and metal 
cores confirmed that rutile was the only oxide pres- 
ent. The scales, although separated from the metal 
core on cooling from the oxidation temperature, 
must have remained in close contact with the oxi- 
dizing metal during the tests as they were readily 
absorbed by the metal when the gaseous supply 
of oxygen was withdrawn and the tests contained 
in vacuum for some hours at the same temperature. 

The metal core.—Metallographic examination of 
a cross section of metal cores from oxidized speci- 
mens showed that the surface layers contained oxy- 
gen in solid solution. In the etched condition these 
cores taken from specimens oxidized below 800°C 
showed an oxygen saturated zone outlined by a 
fine black line just beneath the surface. Above this 
temperature a much wider band appeared Fig. 3. 
Previous work (1) had shown that microhardness 
traverses could be used to follow the form of an 
oxygen diffusion gradient in Ti. This technique was 
used to establish the form of the gradients below 
the saturated surface zone in each section. For 
each temperature a particular oxygen gradient was 
established in the core, the extent of penetration 
being initially time dependent. However, with in- 
creasing time the gradient reached a steady state, 
an example being given in Fig. 4. The time neces- 
sary to produce this condition decreased with in- 
creasing temperature and coincided with the change 
from a parabolic to a linear rate equation. 


Zirconium and Hafnium 


Scales, formed on both metals between 700° and 
950°C, were dark gray and adhered to the metal 
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core on cooling. However, the scales were white 
where they had lifted away from the metal during 
oxidation. Metallographic examination revealed 
some cavities penetrating to the metal surface in an 
otherwise dense, featureless scale structure devoid 
of layering. Belle and Mallett (7) published a 
photomicrograph of scale formed on Zr heated in 
oxygen between 500° and 700°C, and the similarity 
with the results obtained in the present study indi- 
cates that the form of the scale remains unchanged 
in the range 500°-950°C. Measurements of scale 
thickness after 24 hr showed a linear increase with 
respect to both time and temperature. Microhard- 
ness traverses revealed that steady oxygen gradi- 
ents were also established in the cores of these two 
metals; the periods necessary to accomplish this in- 
creased in the order Ti, Zr, and Hf. 


“Edge Effect” 

Above 800°C, the scales formed on Ti were suffi- 
ciently thick to examine in detail, particularly 
along the edges and corners. At such sites, the 
yellow translucent scale was invariably thinner 
than on the main faces and had a crystalline struc- 
ture distinct from the banded structure obtained 
elsewhere, Fig. 5. The form of the oxygen gradi- 
ent in the metal core beneath these edges was 
traced and its total depth of penetration is shown 
in Fig. 6 for a specimen oxidized at 850°C for 72 hr. 


Fig. 3. Same as Fig. 2. The oxygen-saturated zone in the 


metal core shows as a dark etching band in bright-field 
illumination. (x 250) 
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Fig. 4. Penetration hardness curves, showing the develop- 
ment of the gradient and the change from a parabolic to 
linear rate equation on specimens oxidized at 850°C 
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Fig. 5. Section through the center of a specimen of Ti 
showing the scale formed on a corner (‘edge effect 
oxidized at 850°C, for 72 hr. (Polarized light, x 50 


Quite clearly the extent of oxygen penetration into 
the metal core at the edges was greater than on the 
flat faces and this affected the form and thickness of 
the scale at these sites. 


Oxidation of Thin Specimens 

In the early stages of the investigation, the im- 
portance of maintaining oxygen-free metal at the 
center of reacting specimens was not fully appre- 
ciated. Although specimens 1 cm thick were used in 
later experiments, oxidation at 1000°C for periods 
in excess of approximately 5 hr produced scaling 
changes which were attributed to an interruption in 
the movement of the diffusing oxygen gradient in 
the metal. This was apparently caused by oxygen 
penetrating to the center zone of the specimens be- 
cause the onset of a change in scaling behavior at 
these high temperatures was noted to vary with the 
thickness of the specimen. Results of tests carried 
out under conditions where the diffusion gradient 
was affected are given in Fig. 7-9. Figure 7 is a 
cross section of a thin Ti specimen oxidized at 
850°C for 72 hr. Initially a normal layered pale 
yellow scale of considerable thickness was produced 
(the layers were not reproduced in Fig. 7 so that 
other features could be high-lighted). However, due 
to the thinness of the metal specimen, the diffusion 


PENETRATION 


Fig. 6. Shadowgraph of the scale formed on the end of a Ti 
specimen oxidized for 72 hr at 850°C, showing the position 
of the extremity of the oxygen gradient and its position in 
relation to the scale. 
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Seale 


Fig. 7. Scale formed on a thin Ti specimen oxidized for 72 
hr at 850°C, showing the effect of through oxidation 


gradients have met in the center, preventing further 
unhindered progress of the gradients. It is suggested 
that as a result of a reduced rate of oxygen diffu- 
sion into the metal core discoloration of the lami- 
nated scale commenced with the onset of cation 
diffusion outward through the scale toward the gas/ 
scale interface. The metal core eventually received 
sufficient oxygen to become completely saturated 
and even produced a film of lower oxide (mainly 
purple Ti.O,) on the large solid particles remaining. 
As a general rule, the conversion of oxygen-satu- 
rated Ti to rutile will by-pass the lower oxides be- 
cause, as suggested in the following discussion, 
very thin layers or fragments of oxygen-saturated 
Ti which have split off from the core are intermit- 
tently converted to rutile. 

Two additional observations were made on speci- 
mens oxidized above 950°C (Fig. 8 and 9). When- 
ever oxidation conditions permitted the penetration 
of oxygen to the center zone of each metal speci- 
men, a line of demarcation could be observed in the 
scale on metallographic examination (Fig. 8). This 
photomicrograph was prepared from a_ specimen 
oxidized at 1000°C for 6 hr, the specimen thickness 
being such that oxygen penetrated to the center 
regions. Marker experiments proved that this de- 
marcation line represented the original metal sur- 
face. Scale appearing between this line and the 
metal surface apparently formed during the initial 
period of oxidation prior to the oxygen penetrating 
to the center of the metal and possessed the char- 
acteristic layered structure (Fig. 1). However, the 
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Fig. 8. Scale formed on a Ti specimen oxidized for 6 hr 
at 1000°C, in which the gradient in the core has been re- 
duced by through oxidation. The columnar structure and the 
layering in the outer and inner sections of the scale are shown 
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Fig. 9. Scale formed on Ti oxidized for 24 hr at 1000°C, 
showing the saturated metal core and the two recrystallized 
layers in the scale. 


scale formed between the demarcation line and the 
gas interface must have been produced as a result 
of the diffusion of metal cations to the gas inter- 
face, and it is evident that the periodicity of the 
banding has lengthened noticeably toward the end 
of the oxidation. This portion of the scale forms 
when the demand for oxygen by the metal phase is 
reduced for some reason, such as oxygen penetrat- 
ing to the center of the metal. Microhardness tra- 
verses on the remnant metal core beneath the scale 
shown in Fig. 8 revealed a decrease in oxygen con- 
centration at the surface and a rise at the center, 
which supports the suggestion concerning reduced 
oxygen demand by the core. The scale exhibited a 
gray metallic luster, except at the corners and edges 
which consisted of large equiaxed crystals. The un- 
usual columnar structure superimposed on the scale 
structure in Fig. 8 appears to be the result of some 
cooling phenomenon. The authors believe that a 
similar observation has been made on rapidly 
cooled UO. crystal aggregates. 

Figure 9, taken from a thin specimen oxidized for 
24 hr at 1000°C, shows a photomicrograph of the 
scale produced when the metal core has become 
completely saturated with oxygen. The two-layer 
scale is composed of equiaxed translucent yellow 
crystals of rutile, probably formed at the tempera- 
ture of test. The core contains a second phase, TiO, 
which apparently has been rejected during cooling 
of the saturated solution comprising the core. 


Discussion 

Earlier work (1,3) has established that after a 
brief interval Ti and Zr oxidize according to para- 
bolic rate equations transforming to linear for pro- 
longed periods of time. It is now suggested that the 
rate equation obeyed by Hf also undergoes a trans- 
formation from parabolic to linear upon the estab- 
lishment of a steady oxygen gradient in the core of 
the oxidizing specimens. Apart from Loriers’ ex- 
planation (9) based on a change in scale porosity 
this transformation has been interpreted in the past 
as indicating a transition from a diffusion-con- 
trolled process ( parabolic equation) to a process in 
which resistance to further diffusion is offered by a 
barrier of fixed dimensions (linear equation). This 
barrier was believed to exist in the oxide scale, and 
the diffusion process was thought to be one in which 
oxygen penetrated by an anion vacancy mechanism. 
Metallographic examination has not yet revealed 
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any obvious barrier in any of the scales examined, 
and density measurements (1) show a 7% porosity 
at room temperature for rutile scales formed on Ti 
between 700° and 950°C. However, x-ray diffrac- 
tion, metallographic, and microhardness techniques 
have shown that a saturated surface zone together 
with a steady oxygen gradient is established even- 
tually in the metal core after a period which coin- 
cides with the change from parabolic to linear oxi- 
dation. 

It is now proposed that the scale is not operating 
as a diffusion barrier in the temperature range con- 
sidered and that the oxidaiton of Ti, Zr, and Hf is 
controlled by interstitial diffusion of oxygen in the 
metal phase. It is considered that the exposure of 
clean surfaces of these metals to oxygen at high 
temperatures results first in a rapid gas absorption 
together with a transient increase in temperature, 
the gas concentration also rising in the surface 
layer. Scale formation probably follows the estab- 
lishment of a saturated surface layer. The conver- 
sion of oxygen-saturated metal to rutile is consid- 
ered to involve an exfoliation of very thin surface 
layers from the core, conversion to rutile following 
immediately as the detached metal is exposed to an 
atmosphere of relatively high oxygen potential. At 
the high temperature involved, the semiplastic 
oxide, under stress, would tend to sinter to the pre- 
viously formed scale, although the junction line may 
well prove not to be perfect and so lead to the lay- 
ered scale structure. No layering has been observed 
in the scales formed on Zr or Hf and this could in- 
dicate a difference in the conversion process at the 
metal/oxide interface. 

Scale thickness measurements suggest that the 
actual scaling rate remains constant during the ini- 
tial period of parabolic oxidation, whereas the rate 
of total oxygen absorption decreases with time, the 
decrease probably reflecting the establishment of 
the oxygen gradient in the metal core. This would 
explain the observed parabolic to linear transition 
in the rate of total oxygen absorption, because a 
stage must be reached at which the oxygen absorp- 
tion by the metal core balances the conversion re- 
action at the metal/oxide interface. Oxygen enter- 
ing the core then would be used periodically to es- 
tablish saturated conditions in the core surface and 
to convert the detached layers to rutile. The follow- 
ing modified parabolic equation should apply dur- 
ing the establishment of the oxygen gradient in the 
metal, 


where n is the number of oxygen molecules ab- 
sorbed at time t, and K, and K, are the rate con- 
stants for the diffusion and interface reactions. In- 
tegrating between the limits (m,n), (0,t) we ob- 
tain the equation 


t 
n—n, — An 2K, (—.) 2(n, + K,) 
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Mathematical substitution in this equation will re- 
sult in evaluation of the constants K, and K,. 
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Finally, the influence of the diffusion gradient on 
the oxidation of Ti is revealed if, for some reason, 
the gradient of the core is upset. This can occur at 
corners and edges of specimens where the gradient 
is extended in depth and also over the main faces of 
thin specimens in which oxygen has penetrated to 
the center of the core. When this occurs, the gradi- 
ent is apparently reduced, the absorption of oxygen 
by the core is therefore reduced and, if the speci- 
men is scaling in the linear region, the scaling rate 
must then decrease. The experimental results sug- 
gest that the subsequent alteration in scaling be- 
havior then depends on the temperature. Below 
about 900°C, it appears that a thinner scale remains 
over such sites, with the possibility of recrystalliza- 
tion at the corners and edges. However, at higher 
temperatures, it appears that the decrease in the 
absorption of oxygen at the core surface results in a 
longer period elapsing between the continuous 
process of saturation and separation of the core sur- 
face layers. Cation diffusion out through the at- 
tached scale structure is then observed. Once the 
usual exfoliation process occurs at the core surface, 
cation diffusion is halted temporarily until actual 
contact between scale and core again develops, and 
this is registered in the widening layered structure 
(Fig. 8) observed in the outer scale zone of those 
specimens which have produced a double scale. If 
this explanation is correct, it would be expected 
that, as a result of further oxidation of the core and 
therefore a slower rate of oxygen absorption, an in- 
crease in the period elapsing between the detach- 
ment of core surface layers would be observed. The 
result would be that the outermost scale layers 
formed by cation diffusion, having been the most re- 
cent formed, should show the widest banding. It is 
concluded from the absence of such effects below 
850°C (cation diffusion is seen to have commenced 
in Fig. 4) that the ratio of the diffusivity of Ti ca- 
tions in rutile to that of interstitial oxygen in the 
metal may perhaps be increasing with increasing 
temperature and at a rate such that oxidation at 
temperatures in the vicinity of 1200°C involves 
only outward diffusion of the metal cation to the 
gas-scale interface. Finally, when complete oxygen 
saturation of the core is approached at high temper- 
atures, it is considered that the scale must even- 
tually recrystallize to form the characteristic pale 
yellow rutile shown in Fig. 9. Oxygen demand by 
the core must then be very low, and cation diffusion 
would operate only as long as contact existed be- 
tween the scale and the core. 
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Conclusion 

The results of this investigation suggest that the 
scaling behavior of Ti, Zr, and Hf is controlled by 
the diffusion of oxygen in the metal phase. The 
presence of oxygen in the metal core has been used 
to explain the change in the rate equations during 
the oxidation of these metals. In the past this has 
been attributed to a scale barrier of constant thick- 
ness, but no such barrier has been detected. How- 
ever, a diffusion barrier of constant depth is even- 
tually established in the metal core and this is as- 
sociated with the parabolic to linear transformation. 
It is considered that the actual isothermal scaling 
rate for these metals may well prove to be approxi- 
mately constant, and that the initial parabolic rate 
of oxygen absorption is associated with the estab- 
lishment of an oxygen diffusion gradient in the 
metal core as well as the scaling reaction. Further 
discussions based on these proposals has produced 
an explanation for certain effects commonly ob- 
served during the high-temperature oxidation of Ti. 

Finally, a number of metals other than Ti, Zr, 
and Hf exhibit a significant oxygen solubility at 
high temperatures, and therefore their scaling be- 
havior is being examined now along similar lines. 
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on Zirconium in Relation to Corrosion 
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Argonne National Laboratory, Lemont, Illinois 


ABSTRACT 


The conductivity of anodic and corrosion films on zirconium was found to 
increase during heating in vacuum. The conductivity changes at 450°C were 
studied on anodic films which were 0.6, 0.75, 0.9, and 1.5 u« in thickness. The 
change in conductivity was attributed to the diffusion of anion vacancies into 
the oxide with an estimated diffusion coefficient of 4 x 10°“ cm* sec’'. Corrosion 
films produced in water at 350°C appeared to have higher diffusion coefficients. 
Among the materials zirconium, Zircaloy-1, and Zircaloy-2, specimens of zir- 
conium had the highest corrosion rates and diffusivities (as judged by the 
conductivity changes). Consequently, an effect of vacuum heating on corrosion 
was expected and subsequently confirmed. Enhanced oxide growth was ob- 
served after corroded specimens were heated at 600°C for 1 min. The increase 
in weight gain was greater than would be expected from a simple restoration 


of dissolved oxide. 


The corrosion of zirconium in water at high tem- 
perature is a sensitive function of metal composition 
(1). Consideration of this problem has focused at- 
tention on changes in the oxide film as a result of 
additives. An analysis of such effects has been given 
by Thomas (2). The present study was designed to 
determine whether the resistance of the oxide plays 
a role in the corrosion process. 

In the case of highly conductive oxides like FeO 
the effect of small concentrations of impurities is 
negligible. Zirconium oxide, however, is an insulator 
at room temperature, and impurities might be ex- 
pected to decrease its electrical resistivity. Conse- 
quently, the resistivity of the corrosion film should 
reflect the presence of various impurities. The in- 
corporation of such impurities in the oxide has been 
observed in a 2.5°% Sn-Zr alloy where the Sn was 
found in solid solution in the ZrO, layer (3). 

Other elements such as Ti, U, Fe, Cr, and Ni have 
ionic sizes favorable for substitutional replacement 
of Zr’ in the oxide lattice. Titanium and uranium 
increase the corrosion rate of Zr in water, while the 
other elements in small amounts cause a decrease. 
One may conclude that crystallographic changes are 
not of primary importance so that emphasis can be 
directed to changes in the oxide defect structure as 
determining corrosion behavior. Resistance meas- 
urements should be of value resolving this 
problem. 

A study of the resistance of corrosion films at 
room temperature was made by Akimov and Clark 
(4). The film was touched with a mercury droplet. 
The present technique is similar to that of Savage 
(5) who examined the resistance of electrical con- 
tacts. Contact with the oxide was made with a wire 
probe, and the underlying Zr formed the other 
contact. 

The oxide on a metal is not a homogeneous, iso- 


in 


15 


tropic solid, and the role of inclusions and defects 
cannot be overlooked. Freshly prepared anodic or 
corrosion oxide on Zr is an insulator at room tem- 
perature, and a low resistance area is an indication 
of a conducting inclusion. Other factors which in- 
fluence the data are discussed below. 


Experimental 

Procedure.—All measurements were made _ by 
resting the polished tip of a 10-g Pt probe on the 
oxidized surface of Zr specimens. The probe made 
electrical contact through the oxide to another Pt 
wire spot welded to the Zr. In all measurements the 
voltage across the oxide was 10 mv, and the current 
was read on a galvanometer with a sensitivity of 
0.005ua/mm of deflection. The circuit and probe are 
shown in Fig. 1. The magnitude of the current was 
independent of polarity; usually the probe was 
maintained positive to the Zr. The Zr specimen 
rested in the center of a l-in. diameter Pt tube fur- 
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Fig. 1. Schematic drawing of circuit and construction of 
probe for measuring film conductivity and temperature. 
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nace, 8 in. long. The furnace was mounted in an 
18-in. bell jar which was evacuated to 10° mm Hg 
pressure before heating. At 450°C the vacuum was 
10° mm Hg or better. 

Materials.—The study was made on reactor grade 
Zr, Zircaloy-1, and Zircaloy-2. Hafnium was present 
to approximately 0.02 in all these materials. Spec- 
imens were cut from rolled plates having the analy- 
ses given below: 

Zirconium: (all ppm) 200 O, 70-350 C, 60-150 N, 
30-100 Al, 2-10 Cr, 5-20 Cu, 200-700 Fe, 1-20 Mg, 
2-7 Mn, 40-80 Ni; each less than 50 ppm: Si, Ti. 
This material is classified Grade 1 on the basis of 
corrosion testing in water. 


Zircaloy-1: 2.5% Sn, other individual elements 
below 0.01°. 
Zircaloy-2: 1.436 Sn, 0.108% Fe, 0.105% Cr, 


0.048°; Ni, 0.0032°, N, with 30 ppm Al, 50 ppm Ca, 
170 ppm Hf, 60 ppm Pb, 50 ppm Si, 15 ppm Ti. 

All specimens .were prepared by wet grinding to 
400 grit paper and etching in a solution of 50 ml 
70°, HNO,, 50 ml distilled water, 8 ml 47% HF. 
Etching time was 1 min at room temperature. 

Anodic films.—Anodic films were produced by ap- 
plying constant voltage to a cell with Zr as the an- 
ode and Pt as the cathode. In the present work the 
electrolyte was purified saturated H,BO, at room 
temperature. This electrolyte had a high resistance 
but permitted anodizing up to 500 v. In anodizing of 
this type the film thickness is proportional to the 
applied voltage (1). The gain in weight of Zr an- 
odized according to the procedure used in this study 
was found to be in good agreement with the data of 
Polling and Charlesby (6), ie. 0.46 pg cm~ v 
Charlesby assumed a density of 5.67 g em* which 
gave a thickness-voltage relation of 30A v". 

The dependence of film thickness on voltage was 
also shown by measuring the capacitance of the Zr 
anode in the electrolyte. The second electrode was 
Pt gauze. Effectively, the Zr and electrolyte were 
the plates of the condenser. A General Radio Com- 
pany Type 650-A bridge was used. It was expedient 
to substitute acetic acid for boric acid when measur- 
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Fig. 2. Reciprocal of capacity of anodic films as a function 
of the voltage of anodizing of Zr and Zircaloy-1, anodized in 
boric acid, measured in IN acetic acid. The short line is from 
data of Charlesby (14) 


January 1959 


120+ 


60 


Weight on Probe in Grams 


| 


L 
° 10 20 30 40 50 
Film Thickness in Volts 


Fig. 3. Region of electrical breakdown of the anodic film 
on Zr as a function of probe weight and film thickness. The 
solid line bracketing each point indicates standard deviation. 


ing capacitance in view of the high resistance of the 
latter soluton. The data are shown in Fig. 2. Zir- 
caloy-2 could not be anodized above 300 v which 
limited the range in which the film thickness could 
be varied. This fact was attributed to oxygen evo- 
lution at inclusions. 

Autoclave films.—Autoclave films were produced 
by exposing specimens to degassed, distilled water 
at 350° +5°C for periods from 16 hr to 2 weeks. The 
resultant films were adherent, and weight gains 
were a measure of film thickness. 

Weight on the probe.—The probe rested on the 
surface with a weight of 10 g. To be certain that the 
film was not damaged by this weight the maximum 
tolerable weight at room temperature was deter- 
mined for different film thicknesses. The data are 
given in Fig. 3. The film broke down electrically 
above the line, producing a short circuit. The applied 
voltage was 10 mv prior to breakdown. An average 
of 30 points was examined for each anodic film 
thickness. 

Contact area.—The contact area of the probe was 
very small. To determine this area the 10-g probe 
was placed on smooth Pt, the resistance was meas- 
ured, and the area was calculated from the formula 
of Holm (7). An average of numerous measure- 
ments gave a contact area of 1.5 + 0.5 x 10° cm’. 
This is the largest error in estimating resistivity. 


Results 
Effect of Heating in Vacuum 


No current was detected when the probe was 
placed on anodic or autoclave films at room temper- 
ature. However, when a specimen was heated in 
vacuum, current became measurable at 350°C and 
higher. The conductivity increased with time as well 
as temperature, and a reversible temperature co- 
efficient could not be obtained. Film history, thick- 
ness, and temperature were all found to influence 
the conductivity changes. 

Preliminary work in which specimens were heated 
and cooled showed that the ZrO, films became better 
conductors and remained so as long as the vacuum 
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Fia. 4. Typical examples of the change in conduction of 
the oxide in Zr held at + oie in vacuum 
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was maintained. Th 
when air was admitte 

At constant tempdrature the conductivity in- 
creased at a rate dependent on temperature. At 
350°C there was no perceptible conductivity up to 
16 hr. At 450°C the change in the film was apparent 
in a matter of minutes. Typical results for heating 
different specimens fare shown in Fig. 4. 

Weight gains of these specimens were as follows: 
200 v anodized film,'9.1 mg/dm*; autoclave film, 31.0 
mg/dm* (somewhat higher than average); 500 v 
anodized film 22.8 ‘mg/dm’. These data were for 
single trials, but the reproducibility may be judged 
from Fig. 5-7. The “interruption” on the 500 v curve 
indicates an overnight interval during which the 
specimen was in vacuum at room temperature. When 
heating was resumed, the current returned within 
several minutes to the magnitude recorded just be- 
fore cooling. 

Anodic films of increasing thickness.—-To meas- 
ure the effect of film thickness, a series of anodic 
films formed at different voltages was studied. The 
voltages were 200, 250, 300, and 500 and the corre- 
sponding weight gains were 9.1, 11.4, 13.7, and 22.8 
mg/dm’. Assuming 5.67 g cm “ as the density (6) the 
thicknesses of these films were 0.6, 0.75, 0.9, and 1.5z. 
The conductivity was measured at 450°C in vacuum, 
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Fig. 5. Current vs. time curves for anodic oxide films on 
| Zr held at 450°C in vacuum 
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Fig. 6. Current vs. time curves for autoclave films on speci 
mens of arc-melted Zr crystal bar having an average weight 
gain of 19 mg/dm’ after 1 week in water at 350°C. Each 
specimen s held at 450°C in vacuum. Specimens 1, 2, and 
3 exhibitedj patches of gray or white oxide; specimens 4 and 
5 were black and uniform 


and the data are plotted as log current (with 10 mv 
across film) vs. log time in Fig. 5. 

Autoclave films.—Here all the specimens had 
weight gains very close to 21 mg/dm*. The alloys 
had uniform black films, while the Zr specimens 
showed occasional white patches. Measurements 
were made only on the coherent black film. 

The curves for Zr are given in Fig. 6 and the 
curves for the two alloys in Fig. 7. In the latter case 
the experimental points are shown only for Zir- 
caloy-2. The experimental data for Zircaloy-1 were 
in good agreement with the lines as shown, and the 
points w@¢re omitted to avoid overlapping. The slopes 
of the alien on the autoclave films were similar to 
those for the anodic films. The experimental spread 
for Zr was large as compared to the alloys. 
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Fig. 7. Current vs. time curves for autoclave oxide films on 
specimens of Zircaloy-] (curves 2 and 4) and Zircaloy-2 
3, and 5) having an average weight gain of 24 
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Vacuum heating and corrosion rate.—The exist- 
ence of a conductivity effect suggested that the cor- 
rosion rates might be increased by vacuum heating. 
With rapid heating to sufficiently high temperatures 
the corrosion oxide film became a good conductor 
at room temperature over its entire surface. The 
subsequent corrosion behavior should indicate 
whether film growth is affected. For this purpose the 
corrosion of Zr specimens was compared before and 
after a rapid heating to 600°C followed -by rapid 
cooling. The corrosion film was conducting after this 
treatment. Zirconium specimens were exposed to 
water at 350°C, periodically removed, and vacuum 
heated. Comparison with controls revealed no effect 
of the heating. Consequently, the heating time in 
vacuum was extended as follows: The specimen was 
brought to 600°C in 30 sec, kept at 600° for 1 min, 
and cooled below 400° in 30 sec. The vacuum was 
10° mm Hg or better. This procedure was employed 
on both Zr and Zircaloy-2 specimens after 16-hr 
intervals of exposure to degassed water at 350°C. 
Upon removal from the autoclave the heated films 
were again insulating. 

One set of specimens was used as a control; the 
other set was vacuum heated before and during the 
corrosion test. An additional set of specimens was 
vacuum heated at the same time, but corrosion test- 
ing was not carried out until the vacuum heating was 
discontinued after 320 hr of corrosion exposure. 

The corrosion weight gains are shown in Fig. 8 
and 9. Initially, the heated specimens had lower 
weight gains, but they continued to gain weight 
when the control specimens were leveling off. It was 
found in a preliminary experiment that these low 
weight gains did not appear when the vacuum heat- 
ing preceding the corrosion exposure was omitted. 
Consequently, the initial low weight gains may be 
due to a different surface after the vacuum treat- 
ment. 

The effect of vacuum heating did not last, as 
shown by the leveling of the curve after 320 hr when 
this treatment was ended. The four specimens of 
each material which were vacuum heated and then 
corrosion tested (data not shown) had essentially 
the same weight gains as the standards which were 
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Fig. 8. Weight gains of four specimens of arc-melted Zr, 
corrosion tested simultaneously in water at 350°C. No. 3 and 
No. 4 were heated at 600°C for | min at the time of each 
weighing up to and including 320 hr (also prior to testing) 
Heating was discontinued after this point. Specimen No. | 
and No. 2 were not heated 
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Fig. 9. Weight gains of four Zircaloy-2 specimens, corrosion 
tested simultaneously in water at 350°C. No. 3 and No. 4 
were heated at 600°C for 1 min at the time of each weighing 
up to and including 320 hr (also prior to testing). Heating 
was discontinued after this point. Specimen No. 1 and No. 2 
were not heated. 


not heated. This ruled out any metallurgical effect. 
Specimen weights were always checked before and 
after the vacuum heating and did not vary by more 
than 0.5 mg/dm’. This was negligible in comparison 
to the corrosion weight gains. 

At the end of the test the specimens numbered 1 
and 2 had a uniform dark lustrous appearance in- 
dicative of a protective oxide, for both Zr and Zir- 
caloy-2. Specimens 3 and 4 were light gray. Under 
a microscope the light gray oxide was seen to vary 
from gray to white with white predominating. The 
film on the Zircaloy-2 was breaking away along the 
lines of inclusions. The Zr surfaces had tiny brown 
and black spots which were probably deposits from 
the autoclave. 


Discussion 

Vacuum heating has been shown to influence both 
the electrical conductivity of the oxide on Zr and its 
corrosion rate in water at 350°C. The reasons for 
electrical changes in the oxide will be considered 
befo:e discussing the effect of vacuum heating on 
corrosion. 

The nature of the Zr-ZrO. system suggests that 
diffusion is responsible for the conductivity changes. 
The most likely mechanism to account for the ob- 
served changes is the loss of oxygen to the metal 
which would be accompanied by the formation of 
anion vacancies in the oxide. The very low dissoci- 
ation pressure of ZrO, (10 atm at 450°C) is evi- 
dence that oxygen will not escape to the vacuum. 

The current-time curves can be explained on the 
basis that the resistance of the oxide drops rapidly 
with the penetration of anion vacancies. The mean 
displacement of a diffusing species is , 2Dt, where D 
is the diffusion coefficient and t is time (12). If the 
major part of the observed electrical resistance is 
provided by the unpenetrated oxide (of unchanged 
resistivity), one may write 


kV 
i= [1] 
56—\/2Dt 
where i is the current through the film, V is the ap- 
plied voltage, k is a constant proportional to the area 
of the contact, and 4 is the film thickness. At 450°C 
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Table |. Diffusion coefficients, D, calculated from the data of Fig. 5 
(Anodic oxide on Grade 1 Zr at 450°C) 


D x 10% (cm? sec-') 


Anodizing Film As Average for each 
voltage thickness calculated film thickness 

(7.6 

200 0.60 , 6.7 6.4 
14.9 
(6.9 

250 0.75 \ 5.2 5.1 
(3.2 
(2.8 

300 0.90 , 1.9 2.2 
(1.9 

500 1.5 {29 2.4 


the change in film thickness due to dissolution can 
be neglected. 

This equation provides a reasonable representa- 
tion of the observed data as indicated in Fig. 4 where 
the solid points were calculated from Eq. [1] using the 
values D = 2.72 x 10 em’ sec" and k 3.1 x 1" 
wa’ cm’. These empirical values were calculated 
from two points on the experimental curve (0.05 
pa, 290 min and 0.4 va, 600 min); k was an average 
for these points. 

Two points from a curve are sufficient to solve for 
D from the equation 

i: 6—vy2Dt, 


[2] 
56 — 2Dt. 


Using i. as 0.5 wamp and i, as 0.025 pamp, the diffu- 
sion coefficient was calculated for the curves of Fig. 
5. The resulting values are shown in Table I. The 
average from all the curves was 4.0 * 10“ cm’ sec’. 

This result may be compared with 2 x 10° cm’ 
sec ' which Pemsler (8) obtained for the diffusion of 
oxygen into Zr metal at 450°C. The difference be- 
tween 4.0 x 10°“ and 2 x 10” is consistent with the 
observation that conductivity changes can be ob- 
served in films where dissolution is almost insig- 
nificant. However, in the absence of corroborative 
information it should not be concluded that the 
“vacancy diffusivities’”’ presented here are valid dif- 
fusion coefficients. 

The conductivity changes of the corrosion oxide 
films on Zr showed a wide variation although the 
films were of equivalent thickness. The following 
diffusivities for the corrosion films heated at 450°C 
were calculated in the same manner as for the an- 
odic films (the designations refer to Fig. 6): Curve 
1, 2.5 « cm’ sec”; curve 2, 2.1 x 10°” sec’; 
curve 3, 1.4 *« 10° em’ sec"; curve 4, 0.86 « 10° 
em’ sec’'; curve 5, 0.38 10 cm’ sec". 

As would be expected, curve 5 represents a lower 
diffusion coefficient than curve 1. 

The better reproducibility of the curves for Zir- 
caloy-1 and 2 suggests that the oxide is more ho- 
mogeneous on these alloys than on Zr. The curves 
for these alloys are similar to curve 5 for Zr so that 
a comparable diffusivity can be expected. It is possi- 
ble that a low diffusivity as estimated from conduc- 
tivity changes may be related to a low corrosion rate. 
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The effect of vacuum heating on corrosion cannot 
be explained readily. The increase of electrical con- 
ductivity during heating indicates that changes are 
taking place within the oxide. In addition, some of 
the oxide is dissolving as a result of oxygen diffusion 
into the Zr. The rate of dissolution has been used to 
determine the diffusivity of oxygen in Zr (8). 

Considering the latter process, the effect is to 
make the oxide film slightly thinner. In previous 
work (11), using the same equipment as this study, 
it was shown that about 100A of oxide was dissolved 
while heating 1 min at 600°C. This is somewhat 
smaller than the results of Pemsler (8) where ap- 
proximately 250A would be expected to dissolve in 
the first minute. Using the smaller number the de- 
crease in thickness would be 0.24 after twenty heat- 
ings. This corresponds to 3 mg/dm* of oxygen. The 
final differences in weight gains between heated and 
unheated specimens were much larger than this, in- 
dicating that the weight increases are not simply 
due to the restoration of dissolved oxide. 

As already mentioned the heated film did not re- 
main conducting after exposure in the autoclave but 
was apparently restored to its original insulating 
character. This suggests that the defect structure 
produced by heating is eliminated by re-exposure to 
water. In such a case a weight gain would be ex- 
pected, corresponding to a filling of vacancies. 

As shown by the data on corrosion weight gains a 
specimen gained weight each time it was vacuum 
heated and returned to the autoclave. In the case of 
Zr which had a weight gain of 40 mg/dm* without 
heating, the additional weight gain after each vac- 
uum heating and re-exposure was approximately 2.5 
mg/dm.’. The latter figure represents 6% of the oxy- 
gen in the film before re-exposure in the autoclave. 
Consequently, one may postulate that 6% of the 
oxygen sites were emptied by diffusion during vac- 
uum heating and refilled upon subsequent. exposure 
in the autoclave. 

Under the same circumstances, the 40 mg/dm* 
film on Zircaloy-2 gained about 5 mg/dm’, repre- 
senting a 12.5‘, vacancy concentration. These per- 
centages seem unreasonably high because the oxy- 
gen consumed in the dissolution of oxide at 600° 
(100A) is only 0.15 mg/dm* or 0.4% of 40 mg/dm’. 
This suggests that other factors are increasing the 
corrosion rate. 

Perhaps the structure of the oxide is changed by 
heating, or the diffusion of oxygen into the Zr pro- 
motes the subsequent conversion of some of this dif- 
fused layer into oxide during corrosion. More evi- 
dence concerning these factors is desirable. 

This phenomenon may be related to the ‘“‘memory” 
effect noted by Thomas (13) where Zr specimens 
maintained a high corrosion rate after the corrosion 
temperature was lowered. 
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The Structure of Electro-Deposited Nickel 


B. C. Banerjee and A. Goswami 


National Chemical Laboratory, Poona, India 


ABSTRACT 


An electron diffraction study was made on the crystal structure, orientation, 
and mode of growth of nickel deposits from sulfate-chloride-boric acid and 
chloride-boric acid baths under various bath conditions. The effect of pH, 
temperature, concentration, current density, mechanical stirring, etc., and of 
additions such as hydrogen peroxide, nickel nitrate, and sodium chloride was 
investigated on polycrystalline substrates. Depending on bath conditions vari- 
ous preferred orientations (one-degree), mixed or otherwise, were developed 
and their causes have been discussed in detail. These have been correlated 
also with the mode of cathodic crystal growth process. 


It has been shown previously that the crystal 
structure and orientations of electrodeposited nickel 
are profoundly affected by the bath conditions 
(1-5). In what follows an account is given of a com- 
parative survey of the crystal orientations in de- 
posits from nickel chloride and sulfate-chloride 
baths as commonly used in industrial plating. 


Experimental 

In order to restrict the substrate influence on 
crystal size and orientation of electrodeposits, me- 
chanically polished brass disks (70:30) of about 
3.0 em’ significant area were used as cathodes, the 
nonsignificant portions being covered with collo- 
dion. Compositions of the baths were: (a) NiSO,- 
7H.O 280 g/l + NiCl,-6H.O 48 g/l + H,BO, 31 g/I; 
(b) NiCl,-6H.O 150 g/l + H,BO, 31 g/l; (c) NiCl.- 
6H.O 280 g/l + H,BO, 31 g/l; and (d) NiSO,-7H.O 
280 g/l + H,BO, 31 g/l. The chemicals used were 
of AR or CP quality. The above solutions were pu- 
rified and adjusted to desired pH values in the man- 
ner described previously (3). Unless otherwise 
stated, the current density employed was 10 ma/ 
cm, and the solutions were unstirred. When stirring 
was resorted to, the sweep of the glass propeller 
was close to the cathode surface. 

After electrodeposition, the specimens were 
washed thoroughly with distilled water, with alco- 
hol, and then immediately examined in a Finch- 
type electron diffraction camera (6) working with 
45-65 kv electrons, the camera length being about 
50 cm. The lattice parameter of the deposit was 


determined by dusting graphite powder over the 
specimens and using 1120 ring of graphite (d,s 
1.230A) as the internal standard. Since the reflec- 
tion technique was used, the diffraction of electrons 
was due to the top surface layers only. In order to 
study the change of surface structure with time of 
deposition, specimens were examined by electron 
diffraction at various deposit thicknesses. 

The deposition was carried out to well beyond 
the stage where the polycrystalline deposits had de- 
veloped preferred orientations (one-degree). By 
preferred orientation, it is meant that the polycrys- 
talline deposits had a common lattice row normal 
to the deposit surface, or in other words had a com- 
mon lattice plane parallel to the deposit or substrate 
surface. The orientation plane is generally indicated 
by {hkl}. 


Results 

The appearance of nickel deposits varied from 
semibright and dull matte to dark gray or even 
black, depending on the deposition conditions. Pit- 
ting and pinholes were observed in deposits formed 
under the conditions giving rise to profuse hydro- 
gen evolution. Electron diffraction studies of the 
cathode surface revealed that the deposits were ini- 
tially polycrystalline but randomly disposed; with 
increasing thickness, the deposits developed one 
degree orientations determined by bath conditions. 
The lattice constant of the coatings (a, = 3.543A) 
was found to be similar to that of f.c.c. nickel (7). 
Occasionally, however, hexagonal form of nickel 
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Fig. 1. Change in orientations of nickel deposits with pH 
and temperature; bath (a). x means {100} orn; A means 


{110} orn; + means {211} + {1010} orn; O means 
{210} orn 


(7) also appeared along with the f.c.c. structure. 
The results are shown in Fig. 1-7. 


Influence of Various Factors 

pH and temperature.—It will be seen from Fig. 
1-3 that, with increasing bath temperature, the ori- 
entations changed eventually from {210} (©) to 
{110} (A) irrespective of pH values. At an inter- 
mediate range, however, depending on pH and bath 
composition, {100} (x) and a mixed {211} + 
{1010},.. (+) orientations were generally observed. 

Metal ion concentration.—The orientations of the 
deposit crystals were also influenced by metal ion 
concentrations. Baths (a) and (b) under different 
pH conditions were diluted in the ratio of 1:1, 1:3, 
and 1:9 maintaining the pH in each case the same 
as that of the undiluted bath. Thus with gradual 
dilution, the initial {211} + {1010},.. (4) orienta- 
tions changed to {100} (=) and finally to {110} (A) 
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Fig. 2. Change in orientations of nickel deposits with pH 
and temperature; bath (b). Symbols have same meaning as 
in Fig. 1. 


as can be seen from Fig. 4. Similar results were also 
obtained even when the concentration of boric acid 
was maintained to 31 g/l in the diluted baths. This 
suggests that boric acid content has no significant 
effect on the orientations of nickel deposits. 

Oxidizing agents.—The addition of hydrogen per- 
oxide or nickel nitrate to the baths suppressed pit- 
ting of deposits and also affected the crystal orien- 
tations (Fig. 5a and 5b). Addition of hydrogen per- 
oxide ( 1 g/l) resulted in the {210} orientation 
(©) gradually changing to {100} (*) or {211} 4+ 
‘1010},.. (+) at all pH ranges and at temperatures 
up to 35°C. At higher temperatures, however, hy- 
drogen peroxide decomposed without oxidizing hy- 
drogen evolved at the cathode, and no further 
change in orientation was observed. With further 
increase in hydrogen peroxide concentration, the 
crystal orientations changed to {110} (A) (Fig. 5a). 
If the concentration of hydrogen peroxide was still 
further increased, the deposits became rough and 
were often covered with basic nickel salts. 

Nickel nitrate (about 0.8 g/l), on the other hand, 
favored {110} (A) orientation of the deposit crys- 
tals under conditions which would otherwise have 
developed {210} (©), {100} (x), or {211} 4 
'1010},.. (+) orientations (Fig. 5b). 

Mechanical stirring.—Stirring of the solutions af- 
fected the crystal orientation by reducing the con- 
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Fig. 4. Change in orientations of nickel deposits with dilu- 
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Fig. 5. (a) Change in orientations of nickel deposits with 
hydrogen peroxide and pH; bath (a), (b), and (d); Fig. 5 
(b). With nickel nitrate. Symbols have same meaning as in 
Fig. | 


centration gradient in the catholyte layer and pos- 
sibly also by facilitating the removal of hydrogen 
from the cathode surface. Thus, instead of the {210} 
(©) orientation of the deposit-crystals favored at 
a low temperature in a still bath, a mixture of {210} 
(©) and {100} (™) orientations occurred at 250 
rpm and, finally, {211} '1010},... (+) orientations 
at about 1000 rpm (Fig. 6). Similarly, instead of the 
1110} (A) orientation normally developed at 55°C 
in an unstirred bath, a {100} (™) orientation ap- 
peared at 300 rpm. Mechanical stirring, however, 
did not affect the continued development of {100} 
(x) or {211} {1010}... (+) orientations when 
the unstirred were favorable to the formation of 
these orientations. 
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Fig. 6. Change in orientations of nickel deposits with rate 
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in the lower current density range. At an inter- 
mediate range of current density, however, either 


{100} (=) or {211} + {1010},.. (+) orientations 
were favored. At a still higher current density 
{110} (A) orientation was developed sometimes 


accompanied by {210} (©) orientation, especially 
at low pH ranges. In bath (c), however, lateral 
{100} (x), {211} + {1010},.. (+) types of deposits 
were always obtained, even at a current density as 
high as 200 ma/cm*. 

Chloride ion concentration.—An increase in the 
chloride ion concentration in the bath generally 
favored {211} {1010},.. (+) orientations in place 
of {100} (=) and the bath could tolerate a higher 
current density range than the usual. Figure 8 
shows typical {211} + {1010},.. orientations of the 
deposit crystals. 

Discussion 

The mode of cathodic crystal growth and its in- 
fluence on the orientation of the resulting deposits 
have recently been discussed by Finch and co- 
workers (1,2) and ourselves (3-5, 8). The orienta- 
tions developed in electrodeposits are determined 
primarily by the growth process of the deposits. The 
chief factors controlling the process are: (a) rate 
of supply of cations through the diffusion layer to 
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the cathode; (b) rate of discharge of cations; (c) 
thickness of the diffusion layer; and (d) formation 
of films near the cathode surface region. Any 
change in the deposition conditions may materially 
affect one or more of the above factors determining 
the over-all deposition process and thus modify the 
orientation of the deposited crystals. When the rate 
of supply of metal ions to the catholyte is plentiful 
compared with the rate of their discharge, the de- 
posits grow laterally with a densely packed plane 
lying parallel to the substrate surface. On the other 
hand, when the rate of supply of cations at the 
cathode is inadequate, resulting in an impoverish- 
ment of metal ions at the catholyte, the deposit- 
crystals grow outward in such a way that a densely 
packed atom row is normal to the cathode surface. 
In the case of nickel {111}, {100} (*), and also 
{211} + {1010}... (+) orientations, as_ recently 
shown by Goswami (8), are characteristics of lat- 
eral growth-deposits whereas {110} (A) indicates 
an outgrowth mechanism. 

Other orientations also may develop due to fac- 
tors which come into play during deposition. The 
appearance of {210} (©) orientation, for instance, 
seems to be associated with the adsorption or other- 
wise of hydrogen, presumably atomic, by the de- 
posits which are known to be in a highly active 
condition when freshly deposited (9). This is evi- 
dent from the change of orientation from {210} 
(OQ) to (100; (x) or {1010}... and {211} (+) ef- 
fected by the addition of hydrogen peroxide to the 
bath (Fig. 5a). The rate of discharge of hydrogen 
ions at the cathode will be increased due to the oxi- 
dation of atomic hydrogen to water molecules in the 
presence of hydrogen peroxide. This will, no doubt, 
facilitate the formation, precipitation, and occlusion 
on the cathode surface of colloidal nickel hydrox- 
ides or basic salts, thus reducing the effective metal 
ion concentration in the catholyte and favoring an 
outgrowth mechanism. 

Nickel nitrate influences the orientation of the 
deposits in a different manner. Hydrogen, atomic or 
molecular, formed at the cathode reduces the ni- 
trate in its immediate vicinity finally to ammonia 
which in turn forms nickel ammonium complexes. 
The effective metal ion concentration thus reduced 
should favor outgrowth. 

Mechanical stirring, as has been mentioned be- 
fore, reduces the thickness of the catholyte layer 
and maintains metal ion concentration at the cath- 
ode surface region; hence orientations of the de- 
posits tend to be characteristic of the lateral growth. 
By disturbing the adsorption of hydrogen at the 
cathode, mechanical agitation also reduces and ulti- 
mately eliminates pitting pinholes in the deposit 
surface. 

When a bath is much diluted, the effective metal 
ion concentration is low and hence the deposits are 
of outgrowth type as has been experimentally ob- 
served by us. 

The effect of temperature on the crystal is pecul- 
iar. A higher temperature should increase the mo- 
bility of the ions and at the same time reduce the 
thickness of the diffusion layer. Normally this 


STRUCTURE OF ELECTRODEPOSITED NICKEL 


should favor lateral growth-deposits. On the other 
hand, our experimental results show that higher 
temperatures favor outgrowth-deposits at all pH 
conditions excepting in bath (a) at 75°C at pH 5.0. 
This may be due to the increased rate of hydrolysis 
of the nickel salts with the rise of bath temperature. 
It is well known that nickel salts hydrolyze to hy- 
droxides or basic salts when the pH of the solution 
is appropriate at room temperature and this is in- 
creased still more at higher temperatures. This 
leads to outgrowth-deposit. 

The effect of high current density is generally to 
increase the rate of discharge of metal ions at the 
cathode without a corresponding increase in their 
rate of supply to cathode surface region, thereby 
causing an impoverishment of cations at the cathode 
surface and thus favoring outgrowth. The forma- 
tion of lateral-growth deposits at an intermediate 
current density range may also be similarly under- 
stood. A very peculiar observation, as mentioned 
before, was the development of {110} (A) orienta- 
tion at very low current densities. This cannot be 
explained easily. The effect of current density and 
temperature will be discussed in a separate paper. 

An increase in chloride ion concentration gen- 
erally induces crystal twinning and ultimately re- 
sults in a new orientation. This has recently been 
studied in detail on single-crystal substrates. The 
development of {211} + {1010} (+) orientation ,in 
the concentrated chloride bath can thus be easily 
understood, but it is not yet clear why chloride ions 
should favor twinned structures. However, it is 
known that these ions are adsorbed more easily by 
the cathode surface than the bivalent sulfate ions 
(12), and hence it may be possible that they in- 
fluence the potential energy configuration of the 
substrate surface, thereby inducing a_ twinned 
structure on the deposits. 
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ABSTRACT 


The subsolidus phase relationships were investigated using x-ray and petro- 
graphic methods. Two compounds were isolated: 2ZnO-CdO-B.O, which fuses 
at about 860°C and ZnO-2CdO-2B.0, which melts congruently at 797° + 3°C. 
Excitation by either 2537A or cathode rays produces a maximum orange 
(6200A) fluorescence in 2ZnO-CdO-B.O, with 0.004 wt % Mn and a maximum 
red (6400A) fluorescence in ZnO-2CdO-2B.0, with 0.080 wt % Mn. The fluores- 
cence of ZnO-2CdO-2B.0, was examined using Ag, Sn, Tl, Pb, and Sb as single 
activators as well as sensitizers with Mn. 


Ohno (1) claimed a region of manganese acti- 
vated zinc-cadmium borate compositions which 
when blended with MgWO, yielded a white fluores- 
cent substance. Interest in the zinc-cadmium borate 
component and the lack of any phase data in this 
ternary system stimulated the present investigation. 

The study was limited to the determination of 
compatibility triangles, isolation of compounds, and 
examination of the fluorescence of certain composi- 
tions with various activators. 


Experimental Procedure 

Mallinckrodt reagent-grade boric acid and cad- 
mium carbonate, and New Jersey Zinc Company 
U.S.P. zinc oxide were used as starting materials. 
Reagent-grade MnSO,, Mn(NO,)., AgNO,, TI1.CO,, 
Pb(NO,)., SnO., or Sb.O, were used as activators. 

The ingredients were ground in an agate mortar 
with acetone until dry. Calcines were prepared in 


coo 4 — — ZnO 
Fig. |. Compositions examined in the system ZnO-CdO-B.O 


platinum crucibles at temperatures ranging from 
700° to 900°C for periods from 8 to 48 hr. 

X-ray data were obtained from Norelco and Gen- 
eral Electric recording spectrometers using Cu,. 
radiation (A 1.537A) filtered with nickel. 

The immersion technique was used to determine 
the refractive indexes of crystals to an accuracy of 
+0.002, using white light and index oils which were 
calibrated with an Abbe refractometer. 

Differential thermal analysis (DTA) data were 
obtained with automatically recording apparatus 
described by Gruver (2). 

Emission curves were obtained with an auto- 
matically recording General Electric spectroradiom- 
eter. Visual examinations were made under 2537A, 
3650A, and cathode-ray excitation. 

Compositions —The compositions examined are 
listed in Table I and are shown graphically in Fig. 1. 


Experimental Results and Discussion 

Phase relationships.—The compatibility triangles 
were determined by comparing the x-ray data of 
ternary compositions with the data for binary com- 
pounds in the systems CdO-B.O, and ZnO-B.O, as 
reported by Subbarao and Hummel (3) and Harri- 
son and Hummel (4), respectively. 

Two new ternary compounds were discovered and 
individually prepared, and the compatibility tri- 
angles were determined as shown in Fig. 2. An 
unidentified phase is situated in the subtriangle 
3CdO-B.O,-2ZnO-CdO-B.O,-ZnO, but its exact com- 
position is not readily discernible because of the ex- 
tensive solubility of 3CdO-B.O, and ZnO in 2ZnO- 
CdO -B.O,. 
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Table |. Composition of ZnO-CdO-B.0, mixtures 


Molar composition 
No. Zn cdo 20; 
1 1.00 2.61 4.91 
2 1.00 1.51 3.26 
3 1.00 0.97 2.46 
1.00 1.24 2.16 
5 1.00 0.65 1.97 
6 1.00 0.53 1.80 
7 1.00 0.43 0.89 
8 1.00 0.16 1.24 
9 1.00 — 1.00 
10 — 1.00 0.50 
11 1.00 3.71 2.86 
12 1.00 1.39 0.92 
13 1.00 0.62 0.71 
14 1.00 0.23 1.12 
15 1.00 2.68 1.74 
16 1.00 0.99 0.90 
17 1.00 0.45 0.62 
18 1.00 0.17 0.62 
19 1.00 — 0.40 
20 - 1.00 1.50 
21 1.00 1.88 3.22 
22 1.00 0.70 1.47 
23 1.00 0.31 0.87 
24 1.00 0.12 0.58 
25 1.00 2.00 2.00 
26 1.00 4.71 3.81 
27 1.00 2.91 2.61 
28 1.00 2.23 2.21 
29 1.00 3.17 3.31 
30 1.00 2.01 2.34 
31 1.00 1.29 1.86 
32 1.00 0.58 1.39 
33 1.00 0.22 1.14 
34 1.00 2.06 0.87 
35 1.00 1.16 5.83 
36 1.00 0.44 0.35 
37 1.00 1.37 0.20 
38 1.00 0.50 0.50 
39 1.00 1.25 0.50 
40 1.00 0.94 0.47 
41 1.00 0.67 0.33 
42 1.00 0.80 0.40 
43 1.00 0.10 0.30 
44 1.00 1.75 0.75 
45 1.00 10.21 3.52 
46 1.00 0.64 2.34 
47 1.00 0.63 2.86 
48 1.00 0.63 3.50 
49 1.00 1.00 3.00 
50 1.00 5.11 12.95 
51 1.00 7.66 8.25 
52 1.00 8.93 5.89 
53 1.00 0.19 0.82 
54 — 1.00 0.67 
55 — 1.00 0.33 


The compound 2ZnO:CdO:B.O, (2:1:1) is biaxial 
negative with a very small 2 v angle and R.I. of 
nN, 1.709, n, >1.79, n, >1.79. Because of the diffi- 
culty in obtaining this composition as a glass, neither 
the nature of the fusion nor the exact melting tem- 
peratures could be determined by the conventional 
quench technique. However, DTA revealed an endo- 
thermic peak at 860°C at which temperature the 
sample fused. X-ray examination of 2:1:1 after fir- 
ing at various temperatures supported the DTA data 
that no polymorphs existed between 100°C and the 
fusion temperature. A characteristic x-ray pattern 
is given in Table II. 

Crystals of the compound ZnO:2CdO:2B.0, 
(1:2:2) remained too small, even after prolonged 
heat treatment, to determine their optical properties 
accurately. However, 1:2:2 exhibited high bire- 
fringence with maximum and minimum R.I. of 
about 1.78 and 1.75, respectively. The 1:2:2 com- 
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2n0-2¢40 28,0 
3640-2820 = 


8205 
8205 


— = 8,0 
640 8,0, 


Fig. 2. Compatibility triangles in the system ZnO-CdO-B.O, 


pound melts congruently at 797° +3°C and it has no 
polymorphs between 100°C and its fusion temper- 
ature. A characteristic x-ray pattern is given in 
Table II. 

With the exception of the subtriangle 3CdO-B.O,- 
2ZnO-CdO-B.O,-ZnO, petrographic and x-ray data 
revealed no extensive solid solution in the ternary 
system. The compound 1:2:2 gave no evidence of 
solid solubility between it and compatible phases. 

Fluorescent studies.—The compounds 2:1:1 and 
1:2:2 were prepared with various Mn concentra- 
tions. Excitation by either 2537A or cathode rays, 
but not 3650A, gave an orange (6200A) fluorescence 
in 2:1:1 and a red (6400A) fluorescence in 1:2:2. 
Variation in Mn concentration in either 2:1:1 or 
1:2:2 affected the fluorescent intensity, but it did 
not produce any noticeable shift in the emission 


Table Il. Characteristic x-ray patterns 


ZnO -2CdO 
d 


4.21 40 9.12 20 
3.39 5 5.31 25 
3.23 5 4.48 50 
3.11 5 4.42 10 
2.93 100 3.36 30 
2.32 20 3.25 30 
2.67 20 3.21 25 
2.61 10 3.07 55 
2.51 10 3.02 60 
2.48 15 2.98 85 
2.40 55 2.87 55 
2.34 10 2.71 100 
2.08 15 2.64 30 
2.04 15 2.51 15 
1.855 40 2.41 5 
1.834 20 2.38 20 
1.734 5 2.24 5 
1.678 5 2.20 15 
1.629 10 2.12 15 
1.575 10 2.08 20 
1.556 15 2.04 15 
1.469 25 1.953 35 
1.459 10 1.845 10 
1.389 10 1.824 15 
1.318 5 1.790 10 
1.293 5 1.771 5 
1.247 5 1.749 10 
1.203 5 1.722 25 
1.148 5 1.689 25 
1.112 5 1.680 10 

1.626 10 

1.600 10 

1.556 15 

1.506 10 

1.465 10 


kine 
8205 ut 
5100-28205 
in 
ize 
| 
| 
, 
i | 
| 
A 
#4 
1.423 5 an 
1.388 5 
i 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


\ 


2n0 
0 080 Wt %Mn 


2In0 C40 
0.004Wt%Mn 
— 


Fig. 3. Spectral distribution and relative intensities excited 
by 2537A radiation 


spectrum. Optimum brightness occurred at 0.004 wt 
‘; Mn in 2:1:1 and at 0.080 wt © Mn in 1:2:2. Man- 
ganese concentrations in the range 1 to 5 ppm were 
sufficient to activate either 2:i:1 or 1:2:2. However, 
decreasing fluorescent brightness with decreasing 
Mn concentration indicates that the pure compounds 
are not luminescent. The small amounts of Mn nec- 
essary to activate the ternary compounds did not 
appear to introduce new phases. 

Spectral distributions of 2:1:1:Mn and 1:2:2:Mn 
compared to Std. G.E. 3CdO-2B.0,:Mn using 2537A 
excitation are shown in Fig. 3. The intensities are 
relative to Std. G.E. cadmium borate phosphor and 
thus give a comparison of absolute intensities ob- 
tained. Visual examination of the phosphors under 
cathode rays gave results comparable to those ob- 
tained by 2537A excitation. 

The rarity of red (6400A) emitting borate phos- 
phors directed attention to 1:2:2 as a possible matrix 
for other activators. These included Ag, Tl, Pb, Sn, 
and Sb as single activators, as well as sensitizers 
with Mn. Only one level of activator concentration 
at 0.1 wt ‘; was investigated. Since the phosphors 
were prepared under oxidizing conditions, Sn" was 
probably the oxidation state involved. 

After firing the singly activated 1:2:2 composi- 
tions at 700°-750°C for from 8 to 12 hr, visual ex- 
amination with excitation by 2537A, but not 3650A, 
gave a weak red fluorescence. The sample prepared 
without the addition of an activator remained dead 
after this heat treatment. 

When viewed through a Corning No. 2418 red 
filter, the Tl addition showed the greatest brightness 
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followed in order of decreasing brightness by Sb, 
Ag, Pb, and Sn additions. Only the Pb-activated 
phosphor showed a blue band in addition to the 
weak red band when viewed through a Corning No. 
5850 blue filter. ; 

Increasing the firing temperature to values close 
to the melting temperature of 1:2:2 (797° +3°C) 
produced weak red fluorescence in the activated as 
well as the “nonactivated”’ phosphors. 

Evidently the addition of Tl, Sb, Ag, Pb, or Sn 
sensitized the residual Mn present in the nonacti- 
vated material when the phosphor was prepared at 
the lower temperature. Also, the additive may have 
had a mineralizing effect on the phosphor matrix. 
With the exception of Pb none of these additions in- 
troduced emission bands of their own. 

When either Tl, Ag, Sn, Pb, or Sb was used as a 
sensitizer with Mn, all at concentrations of 0.1 wt %, 
and when the compositions were fired at 700°-750°C 
for from 8 to 12 hr, excitation by 2537A or cathode 
rays, but not 3650A, produced a bright red fluores- 
cence. Mn + Tl and Mn + Ag additions were 
brighter and exhibited much shorter afterglows 
than did Mn additions alone. Thus an Mn + TI ac- 
tivated 1: 2:2 composition fired at 700°-750°C was as 
bright as a phosphor activated with Mn alone and 
fired close to the melting point. When viewed 
through a Corning No. 2418 red filter, Mn + Tl ad- 
dition showed the greatest brightness followed in 
order of decreasing brightness by Mn + Ag, Mn 
alone, Mn + Sn, Mn + Pb, and Mn + Sb additions. 
None of these phosphors showed a blue component 
when examined through a Corning No. 5850 blue 
filter. 

The differences in fluorescent brightness between 
the various additions became smaller as the firing 
temperature approached the melting point. How- 
ever, the brightness did not exceed that produced 
by Mn + TI at the lower temperature. Both the 
Mn + Tl and Mn + Ag additions exhibited shorter 
afterglows at the higher firing temperature than did 
Mn additions alone. 


Manuscript received April 18, 1958. This paper was 
prepared for delivery before the New York Meeting, 
April 27-May 1, 1958. It is a part of a thesis submitted 
by D. E. Harrison in partial fulfillment of the require- 
ments for the Ph.D. degree to The Pennsylvania State 
University; contribution No. 57-83 from the College of 
Mineral Industries, The Pennsylvania State University. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1959 
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Activation of ZnS and (Zn,Cd)S Phosphors by Gold and 
Other Elements 


S. T. Henderson, P. W. Ranby, and Margaret B. Halstead 


Thorn Electrical Industries, Ltd., Enfield, Middlesex, England 


ABSTRACT 


A study has been made of the spectral emission characteristics of zinc and 


zinc-cadmium sulfide phosphors, activated by gold and excited by long wave 
ultraviolet at 25° and —120°C. The positions and heights of the Gaussian sub- 
bands constituting the emission were examined and compared with those 
derived from the series activated by copper, silver, and chloride (“self- 
activated”). Copper and gold produce the most similar phosphors, with 3 
sub-bands each; silver and chloride give 2 sub-bands, and resemble each other 
particularly in the effects associated with crystallographic change. Linear 
relations in the peak locations and an energy diagram are discussed. Other 
observations concern cathode-excitation, the effects of substituting selenium 


The zine and zinc cadmium sulfide phosphors 
have been investigated very extensively, especially 
with activation by Cu, Au, and Mn. There has been 
comparatively little interest in Au as the impurity 
metal, and it is remarkable that these sulfides are 
the only phosphors, so far as is known, which can 
be activated by Au. In the following a survey is 
given of work published hitherto on the subject. 

Indications of ZnS:Au as a distinct phosphor 
began when a blue emission band was observed in 
a slightly different position from that of “unac- 
tivated” ZnS under excitation by ultraviolet (1, 2) 
or cathode rays (3). Since then a number of ob- 
servations have been made on the emission peaks 
of ZnS with trivalent cations and variable Au con- 
tent (4), and the cathodoluminescent efficiency of 
this material (5); on the emission shift due to in- 
corporation of ZnO (6); and on the glow curve of 
ZnS: Au,Cl (7). More recently Arpiarian has used 
ZnS: Au to study intensification and killing effects 
produced by Fe, Co, and Ni (8), and Destriau has 
found that field-enhanced luminescence of (Zn,Cd) 
S:Mn under x-rays is improved by traces of Au in 
the phosphor (9). 

The well-known (Zn,Cd)S series has received 
little attention in regard to activation by Au. This 
activator was mentioned by Leverenz as applicable 
to the (Zn,Cd) (S,Se) series but no emission data 
were quoted (10). Byler attempted to explain the 
effects of changing CdS content by assuming a set 
of emission bands in fixed positions and independ- 
ent of the activator (Cu,Ag,Au, Mn, or none) (11). 
The most extensive investigation on record is con- 
cerned with developing a single phosphor of white 
cathodoluminescence, namely, (Zn,Cd)S:Ag,Au,Al; 
in this case the emission data for (Zn,Cd)S: Au were 
presented only as chromaticity plots (12). 

There is no doubt that Au is a specific activator, 
although in the past the blue band it produces in 
ZnS has sometimes been mistaken for that in ZnS 
without added metal activator. 


for sulfur, and a recently reported emission band of higher frequency. 
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The present work is concerned primarily with 
the effects of activation by Au, but for comparison 
other better known activators also have been used. 
The properties of ZnS phosphors with the various 
activators and different preparative details are first 
considered, particularly with regard to the effects 
on emission band positions and intensities of 
changes of temperature or of crystal form. Next, 
phosphors in the (Zn,Cd)S series with the same ac- 
tivators are discussed, with special reference to the 
shift of the bands as the CdS content is changed. A 
search for regular progressions between different 
series with Cu, Ag, and Au activators has been un- 
rewarding, although interesting comparisons be- 
tween Cu and Au have emerged. The individual be- 
havior of activators is in fact much more striking 
than their similarities. 

It has been reported previously that the fre- 
quencies of emission band peaks in the (Zn,Cd)S 
series, under catuode-ray excitation, give closely 
linear plots against weight proportions of the 
matrix (3). This inexplicable relation applies rea- 
sonably well to most of the data in the present 
work, but the apparently more rational scale of 
molecular proportions has been used in the graph- 
ical presentation. Other variables have been plotted 
against peak band wave number; of these only the 
c, dimension of the hexagonal lattice gave any ap- 
proach to linearity. t 


Measurement and Presentation of Emission Spectra 

In the present work long wave-length ultraviolet 
excitation has been used in the main, with a few ob- 
servations made under cathode-ray_ excitation. 
Samples were generally contained in a brass cell 
with a quartz window for exposure to 125-w mer- 
cury are lamps in Wood’s glass bulbs. This excita- 
tion by the group of lines near 3650A produced a 
phosphor brightness of the order of 0.25 to 0.5 stilb. 
For the experiments on cooled samples the powder 
was used in the apparatus shown in Fig. 1. This 
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Apporatus for excitation under ultraviolet at low 
temperature. A, Lucite plate; B, glass; C, asbestos and 
silica wool insulation; D, phosphor container detachable by 
screwing; E, phosphor compressed into cavity; F, thermo- 
couple; G, copper rod; H, corks; J, Dewar flask of liquid 
oxygen; K, glass tubes for oxygen circulation; L, air stream 
to prevent condensation; M, ultraviolet beam; N, to spectro- 
graph slit 


Fig. | 


produced reasonably low phosphor temperatures 
without a vacuum enclosure, and condensation on 
the phosphor was prevented by a stream of evapo- 
rated oxygen. 

Spectral emission curves were measured on a 
spectrophotometer previously described (13), with 
an exit slit width of 5A at 4000A and 42A at 7000A. 
Beyond the latter wave length the low sensitivity 
of the 1P22 photomultiplier and the background ra- 
diation from the mercury lamps made the measure- 
ments unreliable. Although wave lengths in the 
visible spectrum are more familiar than wave num- 
bers and are largely used in the literature of phos- 
phor emission bands, in the present work wave 
numbers have been used to permit analysis of the 
emission bands into Gaussian sub-bands. Therefore, 
emission curves are drawn with ordinates repre- 
senting relative energy emitted per unit wave num- 
ber interval instead of the usual energy per unit 
wave length interval. The Gaussian bands isolated 
from these curves were taken to be the ultimate 
components of the emission and were considered as 
the basic experimental data. This agreement of 
emission curves with a sum of Gaussians is of some- 
what uncertain significance, but it provides a con- 
venient method of analysis and presentation. Peak 
intensities of the bands have been examined in de- 
tail; band widths were found to be not very con- 
sistent, and therefore band areas (equivalent to 
energy) were not used. 


ZnS with Au and Other Activators 
Preparation.—Samples were prepared by mixing 
pure precipitated ZnS with aqueous solutions to 
give 5° by weight of chloride ion (added as an 
equimolecular mixture of sodium and magnesium 
chlorides) and 0.01% by weight of Au, Ag, or Cu, as 
chloride, nitrate, or sulfate, respectively. After dry- 
ing, the finely powdered mixtures were heated in 
100-g quantities for 1 hr at 1100°-1150°C in air in 
plugged silica tubes, then removed from the fur- 
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nace to cool. The products were washed free from 
fluxes, dried, and sieved. Other phosphors were pre- 
pared in a precisely similar manner but omitting 
the heavy metal addition. Also, a few samples of 
cubic structure were made by firing at 800°C, and of 
partially cubic structure by firing at 1100°C in the 
presence of excess of S contained in the raw ZnS. 
Other workers have referred to ZnS with no other 
foreign ion than chloride as “self-activated,” “‘zinc 
activated,” or ‘“‘unactivated.” In the following the 
term “chloride activated” is used. The residual 
chloride in these materials is in fact of the usual 
order of activator proportions. The metal-activated 
phosphors also contain small amounts of chloride 
and are described as ZnS: Au,Cl, etc. 

Emission characteristics—When activated by Au 
instead of by Cu, Ag, or Cl, ZnS emits two closely 
overlapping bands with peaks about 600A apart; 
these are of the same order of intensity when the 
excitation is by long wave-length ultraviolet. There 
is in addition a weaker band in the yellow region. 
The over-all effect is that the fluorescence is much 
paler than for the other phosphors examined and 
is of a light bluish green color, similar in hue to that 
of 80 mole “% ZnS-20°% CdS:Ag,Cl, or 85% ZnS- 
15°; CdS:Cl, but less saturated (see Fig 2. and 3 for 
examples of emission curves). 

Table I summarizes the average values for emis- 
sion peak positions. Wave lengths are given to cor- 
respond to the wave numbers: it must be empha- 
sized that such values are not really equivalent ow- 
ing to the different shapes of the wave number and 
wave-length curves. Peak values read off directly 
from the latter curves are included for comparison. 

Table II shows changes observed on cooling the 
samples during excitation. Details are included for 
preparations of similar composition but different 
crystal structure. 

Table III summarizes changes at 25°C caused by 
these different structures. 

For Table I accuracy is estimated at +100 cm" 
except for the more uncertain bracketed values. The 
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Fig. 2. Spectral emission of Au activated phosphors at 


25°C. A, B,C, D: O, 2.7, 16.5, 30 mole % CdS, respectively. 
E: 0% CdS, cathode-ray excitation. 
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Fig. 3. Spectral emission of Au activated phosphors at 
—120°C. A, B, C, D: 02.7, 16.5, 30 mole % CdS, respectively. 


convention adopted is to number the bands in order 
from the blue end of the spectrum, as Au I, II, ete. 
A band appearing only at low temperature is not 
included in this scheme (see Discussion). 

Band peak positions.—The most interesting fea- 
ture is the similarity between Au and Cu as acti- 
vators. The well marked shifts to increased wave 
number on cooling and the contrary effect observed 
for ZnS:Cl agree with the findings of Tomlinson for 
his “self-blue” and “Cu-blue” bands (14) and of 
Shrader and Larach for their blue bands in ZnS:I, 
ZnS:Cu,I, and ZnS:Ag,halide (15). 

For ZnS: Ag,Cl there is a small increase of wave 
number in Ag I on cooling. This places Ag with Cu 
and Au, as chemical considerations would suggest. 
Silver activation however is known to show anoma- 
lous behavior compared with Cu and Cl when ul- 
traviolet excitation of cubic samples is changed to 
cathode-ray excitation (3). Other unusual effects 
have been described also for Ag in (Zn,Cd)S (16). 
To summarize present information on this topic: 


(A) Cu, Ag, and Au at about 0.01% concentra- 
tion and with Cl also, in cubic or hexagonal ZnS 


Au (hex) Cu (hex) 


ACTIVATION OF ZnS & 


Table |. Positions and ratios of peak intensities of component bands of ZnS: ultraviolet excitation at 25°C. Alternative values are 
for different samples. Cl is present in all samples 
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under ultraviolet, produce an increase of wave 
number on cooling, and Cl alone shows the reverse 
effect. 


(B) A change to cathode-ray excitation in- 
creases wave number for Cl and Cu,Cl (cubic), and 
Au,Cl (hexagonal), but the reverse is true for 
Ag,Cl (cubic). 


(C) Under cathode-ray excitation, cooling in- 
creases wave number for Cu,Cl (cubic), and de- 
creases it for Ag,Cl and for Cl (cubic). It appears 
that it would be worth-while to pursue such meas- 
urements in the hope of correlating some of the 
variables. 


Of the small bands isolated, Ag II and Cl II have 
not been reported before, while Cu III is probably 
the yellow band at 5800A described by Froelich, 
but not the red band at 6700A which moves to a 
lower wave number on cooling (17, 18). 

Most of the samples considered in this paper were 
entirely hexagonal in structure. Table III shows 
considerable shifts of bands to lower wave numbers 
for cubic forms of ZnS with metal activators, and 
for a ZnS:Cl with about 50% cubic structure. Shifts 
of —400 to —600 cm" have been reported for this 
crystallographic change in ZnS:Cl, ZnS:Cu,Cl, and 
ZnS:Ag,Cl (19). The changes mentioned in this 
paragraph are all for excitation at room tempera- 
ture; cooling introduces more complications. 

Relations between band peak intensities—The 
relative heights of the peaks vary with method of 
preparation of the phosphor, and with temperature 
of excitation. In almost every case the ratio of blue 
Au I to green Au II is increased by cooling to 
—120°C, that is, the green band is suppressed, as 
with Cu II. Another similarity to Cu is provided by 
an increase of the green band with more Au. 

Modifications of the phosphor preparation, using 
several rates of cooling graded from instantaneous 
quenching in water to 16 hours’ cooling in the fur- 
nace, made a progressive increase of Au II at the 
expense of Au I as the cooling became faster, and 
the more so for higher initial firing temperature. 


Ag (hex) Ag icub) Cl (hex) ci* 


21150 20700 22400 
II 18550 18000 19250 
(16950) (16500) (17000) 


Band I+ 4730 4830 4460 
II 5390 5560 5190 
Ill 5900 6060 5880 


Main peakt 


(wave length) 4710 4800 5150 


Ratio of peak energy 
0.13,0.11 
16.8 4.5,2.9 


1.2,1.4 it 
9.3,6.7 


* 50:50 cubic: hexagonal. 
* By direct conversion from the wave number data above. 
t From wave-length emission curves. 


0.16,0.15 


21700 22900 22100 22250 21650 cm” 
18750 21000 20000 (19500) (19100) 
(17200) 


4610 4370 4520 4620A 
5330 4760 5000 5130 5240A 
5810A 


5300 4350 4500 4460 4580A 


6.1,9.9 7.4 8.8,9.9 9.4,9.0 
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Table II. Shifts of component bands of ZnS and peak intensity changes by cooling from 25° to 
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—120°C (+10°). Separate 


results shown for 0.01% hexagonal are from different samples 


Acti- % Metal 
vator activator 


Crystal 
structure 


Hex 


50:50 
Cub-hex 


Quenching also produced unusual results on the posi- 
tions of Au I and II when the phosphor was excited 
at —120°C. The hexagonal form showed small or 
no shifts compared with excitation at room temper- 
ature, while the cubic suffered wave number de- 
creases of 200-300 cm” instead of the “normal” in- 
creases given in Table II. 

Cathodoluminescence.—A few phosphors were 
examined when scanned by a defocused spot at 14 
kv and 3 ya/cm’*. This produced an approximate 
doubling of the blue band at the expense of the 
others. Of the ZnS: Au,Cl samples, those with 0.01% 
Au showed shifts of all three bands, to wave num- 
bers higher by 100-450 cm”, compared with ultra- 
violet excitation (see Fig. 2 for an example). 

Selenium replacement in ZnS.—When Se replaces 
increasing proportions of S in ZnS:Au,Cl, phos- 
phors result which resemble the (Zn,Cd)S:Au,Cl 
series under ultraviolet. The color changes are pro- 
duced in part by the suppression of Au I and in part 
by shifts in the positions of Au I and II which are 
smaller than those found with equivalent substi- 
tution of CdS. For instance, a sample containing 
27.6% of ZnSe has an emission curve which is 
nearly a pure Gaussian of Au II, peak 17875 cm", 
and with a visual color close to that of (Zn,Cd)S: 
Au,Cl containing 20% CdS. At —120°C the Au I 


Table III. Shifts of component bands of ZnS at 25°C by change 
from hexagonal to cubic structure 


Band I Band II Band III 


0.01% Au,Cl 450 -550 
0.1% Au,Cl -400 —350 
0.01% Ag,Cl 800 
0.01% Cu,Cl 700 500 
Cl (50% cubic) 600 ~400 


—450 cm" 


+ 200 


Shift of peak in cm-! 


Change in peak intensity ratio 


Band II Band III 


9.3-8.7 
6.7-10.0 


+400 
+250 


+200 
+170 


1.20-1.22 
1.41-1.55 


+ 200 
+170 


+150 
+250 


1.7-1.7 
2.55-2.23 


16.8-17.6 
11.1-15.6 


0.48-0.81 


0.13-0.20 
0.11-0.19 


0.16-0.22 


band is largely restored in relation to Au II for 
those phosphors with smaller ZnSe contents. 


(Zn,Cd)S Series with Au and Other Activators 

Au activator: preparation, composition, and spec- 
tral characteristics—Samples were prepared by the 
general method described above, replacing pro- 
portions of ZnS in the initial mixture by an equal 
weight of precipitated CdS, usually in multiples of 
a nominal 10% by weight of ZnS up to 80% CdS. 
The percentages of ZnS and CdS in the phosphors 
were determined by analysis involving the initial 
removal of Cd by precipitation with phenyl tri- 
methyl ammonium iodide; the Zn was then pre- 
cipitated by 8-hydroxyquinoline, followed by the 
standard volumetric estimation. The precipitated 
Cd was determined volumetrically by iodate. In the 
text and figures percentages of CdS given are mole- 
cular values unless stated otherwise. The analyzed 
CdS weight percentages were up to 4% less than 
the nominal values (increasing with CdS content), 
this difference arising largely from a small amount 
of ZnS present in the CdS raw material. 

In appearance under ultraviolet the Au,Cl series 
varies from pale bluish green to very pale yellow 
to colors resembling those of higher members of the 
other series. The unsaturated color of phosphors 
low in CdS is very marked, but at 25% CdS the 
yellow fluorescence is similar to that of 10% CdS:Cu, 
Cl, 50% CdS:Ag,Cl, and 35% CdS:Cl. Examples of 
emission curves at 25° and —120°C appear in Fig. 2 
and 3, and of resolution into sub-bands in Fig. 4. 
The peak wave numbers are plotted against mole- 
cular percentage of CdS in Fig. 6, which also in- 
cludes a weight percentage plot for Au I. 

Cathode-ray excitation gave results similar to 
those for ZnS, namely, a relatively doubled emis- 
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RELATIVE ENERGY IN UNIT WAVE NUMBER 


8 20 24 
WAVE NUMBER IN CM Xx 10 
Fig. 4. Resolution of emission curves at 25°C into Gaussian 
sub-bands. Solid line, measured emission; broken line, Gaus- 
sian; dotted line, remainder not resolved into Gaussians; 
square points, sums of constituent Gaussians. 1-4: 8.5 mole 
% CdS: Au, Cl; A-C: 48 mole % CdS: Ag, Cl. 


sion of band Au I compared with ultraviolet ex- 
citation, and band shifts between 100 and 300 cm” 
to higher wave numbers. 

Other activators—Samples were made _ with 
0.01% Cu or Ag, or without metal addition, all with 
chloride. In the last mentioned type, analysis of 
well-washed samples established the residual chlo- 
ride content to be 0.007% by weight in a 3.5% CdS 
phosphor and 0.01% in a 7% CdS phosphor, com- 
pared with 0.008% in a ZnS:Cl. 

Examples of band resolution are given in Fig. 4 
and 5, while peak wave number data from the com- 
plete series are presented in Fig. 7-9, where linear 
relations are evident as in Fig. 6. The Cu II band 
is also plotted on a weight percentage scale. 

It will be observed that qualitatively Cu resembles 
Au in its band structure: to visual inspection the 
Cu and Au phosphors are similar in their long phos- 
phorescence which contrasts with the short after- 
glow in the Ag series. There is a resemblance be- 
tween the slopes of the Ag and Cl plots, but all the 
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Fig. 5. As Fig. 4, at —120°C. 1-4: 20 mole % CdS:Cl; 
A-D: 18 mole % CdS: Cu, Cl. 
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CaS 
Fig. 6. Location of emission band peaks of (Zn, Cd)S: Au, 
Cl at 25°C. Circled points, cubic samples; open circles, low 


temperature peak; crosses, plot with weight percentage 
abscissae. 


series show a break at about 15 mole % CdS. If 
weight proportions are used for plotting, the data 
for Cu and Au may be expressed by straight lines 
from 0 to 80% CdS, while Ag and Cl require broken 
lines like those in Fig. 8 and 9. These breaks occur 
near the point at which cubic forms can no longer be 
made as CdS content increases, owing to the pre- 
ponderance of the hexagonal CdS structure. 
Another series of samples was fired at 1100°C 
without metallic activator but with ZnS containing 
much free S, which assists the formation of the cubic 
structure below about 15 mole “% CdS. The emission 
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Fig. 7. Location of emission band peaks of (Zn,Cd)S:Cu, 
Cl at 25°C. Circled points, cubic samples; crosses, plot with 
weight percentage abscissae. 
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CdS 
Fig. 8. Location of emission band peaks of (Zn,Cd)S:Ag, 
Cl at 25°C. Circled points, cubic samples; open circles, low 
temperature peak 


band peaks of these materials lie on the general 
plots above 15° CdS, but below this point the wave 
numbers are lower, as shown in Fig. 9 for band Cl I. 

The peak intensities of the bands in the (Zn,Cd)S 
series with any of the four types of activator de- 
crease as the CdS content rises to 10-15%, the fall of 
intensity being between 10 and 30°; a rise follows 
by which the values for 0% CdS may be reached or 
exceeded (at a CdS content of 15-30°7 ); finally with 
more CdS a general fall occurs. In Fig. 2 and 3 the 
ordinates (except for the cathode-ray excitation ex- 
ample) are nearly proportional to the true intensi- 
ties. 


IN CM™X 10° 


WAVE NUMBER 


Fig. 9. Location of emission band peaks of (Zn,Cd)S:Cl at 
25°C. Circled points, partially cubic samples; open circles, 
low temperature peak 
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Table IV. Slopes of band peak plots in —cm''/1 mole% CdS, 
for main hexagonal series 


Band II 


Band III 


Band I 
<15% >15% <15% >15% <15% >15% 
Activator cds CdS Cds Cds cds Cds 


Au,Cl, 25°C 152 107 = 180 97 174? 
Au,Cl, —120° 176 101 192 104 176 


Cu,Cl, 25° 150 ? 158 110 150? 
Cu,Cl, —120° 165 125 171 113 ~= 164 
Ag,Cl, 25° 161 99 184 97 

Ag,Cl, —120° 155 97 178 101 

Cl, 25° 167 97 2007? 95? 

Cl, —120° 154 95 170 98 


Low temperature effects in the (Zn,Cd)S series.— 
The emission spectra of the series with four differ- 
ent activators have been investigated at —120°C. 
When plotted in the manner of Fig. 6-9 the compo- 
nent band peaks lie on lines of similar slopes, and 
with the same breaks, as those of the corresponding 
bands at 25°C. These plots are not reproduced here. 
They show closer fit of points to lines owing to the 
sharper band structure at —120°C. In the case of Cu 
I at 25°C it is difficult to isolate this small compo- 
nent from the emission, and the plot in Fig. 7 is ir- 
regular. At —120°C a more normal pattern reap- 
pears; see Table IV, which summarizes all the meas- 
urements and indicates some similarity of Cu and 
Au on the one hand, and of Ag and Cl on the other. 

The uppermost lines on Fig. 6, 8, and 9 refer to 
another band, not hitherto mentioned, found only 
at the low temperature; this is discussed in the next 
section. 


Discussion 

Reference has been made to the representation of 
emission band peak positions in terms of straight 
line plots. These varied linear relations are difficult 
to interpret, although their occurrence is quite strik- 
ing. The data are probably not sufficiently precise to 
determine the exact relations which exist, but one 
interesting possibility is suggested below. 

The emission band structure and its behavior on 
temperature change are important in relation to the 
theory of activator center structure and of energy 
levels. For Cu a third long wave-length band has 
been confirmed, and for Au three bands have been 
demonstrated. With both activators band II appears 
to be the typical one due to the metal, possibly as Cu’ 
or Au’ substituted for Zn’. If the blue bands Cu I 
and Au I are assumed due to Cl producing cation 
vacancies, in the way that Bowers and Melamed 
have proposed for Cl “blue I,” the anomaly arises 
that these bands differ from Cl I in their response to 
cooling (20). It is therefore suggested that, con- 
trary to the views of Bowers and Melamed, blue Cu I 
and Au I are not due to the presence of cation va- 
cancies even though all the phosphors did contain 
chloride. When, besides the chloride, an activating 
metal is also present, its effect seems to predominate. 

With regard to the emission changes by cooling 
the main series of hexagonal phosphors, it is rea- 
sonable to attribute all the bands in ZnS and 
(Zn,Cd)S with Au or Cu to associated groups of ac- 
ceptor levels near the valence band, whereas Cl as 
sole activator produces donor levels nearer the con- 
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Fig. 10. (a) Energy level diagram for Cu, Ag, Au, Cl bands in ZnS at 25°C. Arrows indicate luminescent transitions; H, 
levels for hexagonal crystals; C, for cubic. (b) Energy level diagram for Au bands in (Zn, Cd)S. Points, plotted on weight per- 


centage of CdS; crosses, plotted on colecular percentage. 


duction band in the sense of the model of Lambe and 
Klick (21). These different types of radiative transi- 
tion may account for the differences in temperature 
effects. Figure 10a gives the simplest energy dia- 
gram on these assumptions. Over the temperature 
range used in the work, the energy gap in the ZnS 
crystal increases by about 300-500 cm' according to 
determinations by Coogan and others (22). The ob- 
served emission band shifts on cooling suggest that 
the Au, Cu, and Ag levels remain nearly in the same 
position with respect to the valence band as the en- 
ergy gap increases. In contrast, for Cl alone the 
levels must approach the valence band appreciably 
on cooling. All the shifts discussed are very small 
compared with the energy gap or the radiated 
quanta, and they are so easily altered by change of 
phosphor preparation method that the above details 
cannot be generally applicable. The approximate 
constancy of the separation between activator and 
valence band is shown better by assuming a linear 
variation of the energy gap between ZnS and CdS, 
the observed emission wave numbers being then 
plotted from the conduction band downward, as in 
Fig. 10b for the gold-activated series, where abscissae 
give weight percentages of CdS. A recent extensive 
study of (Zn,Cd)S phosphors by Hoogenstraaten de- 
velops similar ideas on activator levels (23). He re- 
fers to molecular proportions of CdS, but in Fig. 10b 
this scale is seen to give worse agreement with a 
linear relation than does the weight proportion 
scale; in fact the line for Au I could be drawn in 
two sections, as in Fig. 6, and the part above 15% 
CdS would be parallel to the x-axis. 

A band of shorter wave length than those already 
discussed, and not included in the band numbering, 
was found only under excitation at —120°C, and for 


phosphors with over 10 mole “7 CdS. Peak locations 
are shown in Figs. 6, 7, and 9 on the lines which are 
all of the same slope (—102+2 cm'/1 mole % 
CdS), with possibly a steeper part below 15°, CdS 
making extrapolation difficult; however it is likely 
that the 0% CdS value is that attributed by Melamed 
(24) to the emission due to anion vacancies in cooled 
ZnS, namely 3950A or approximately 25000 cm". 
Similarly van Gool (24, 25) has reported a band in 
CdS: Ag at 6200A or approximately 16000 cm’. The 
present results extrapolated would give a much 
higher wave length. This band did not appear with 
Cu activator except doubtfully in a few samples of 
low CdS content, and at 25°C. 

There is clearly a great deal more to be discovered 
about the emission spectra of these phosphors and 
their mutual relations. Correlation with other phys- 
ical parameters may be difficult or impossible but 
this is merely a consequence of the most striking 
characteristic of phosphors as a whole, namely the 
extreme sensitivity of their emission, both qualita- 
tive and quantitative, compared with any other 
measurable properties. 


Manuscript received May 19, 1958. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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Distribution of Barriers 


factor in empirical equations describing brightness-voltage relationships. These 


observations can be understood by considering the following factors: 


(a) 


number and distribution of barriers in a single particle, (b) division among 
the barriers of the voltage drop per particle, and (c) dependence on the par- 
ticle size of the voltage drop per particle. Equations are derived which permit 


In the recent literature on the electroluminescence 
of zine sulfide, the barrier concept finds wide sup- 
port. According to this mechanism electrons are ac- 
celerated in the barrier region and cause excitation 
through impact ionization of luminescent centers 
(1-6). Radiation occurs when the ionized centers 
and free electrons recombine. The barrier picture is 
appealing for at least two reasons. First, it provides 
an explanation of how an electric field can raise 
electrons to several electron volts above their 
ground states without electrical breakdown of the 
crystals. Second, the concept of localized barriers 
correlates well with the observed inhomogeneous 
distribution of emitted light (2, 7, 8). 

Information on the number and distribution of 
barriers is not obtained easily. This is particularly 
true of powder layers. Electroluminescent phosphors 
are reported to possess both “surface” (2) and “‘vol- 
ume” (9) electroluminescence, reflecting possible 
differences in barrier distribution. The present work 
is one approach for obtaining information on the 
number and distribution of barriers in polycrystal- 
line phosphors. 

If it is assumed that the barriers are located near 
the surface of the particles, one may ask what hap- 
pens to the electroluminescent properties as the spe- 
cific surface, (i.e., particle size) is varied. To study 
this problem effectively, a series of electrolumines- 
cent phosphors is needed in which the members have 
equal chemical and physical properties but have 
varying particle sizes. While it is hardly feasible to 
synthesize separately the individual members of 


a comparison of the brightness of different phosphors. 


such a series, one promising approach is through 
fractionation by particle size. Most of the work pre- 
sented here employed this technique. 


Experimental Technique and Results 

The starting materials were two phosphors rep- 
resentative of the blue- and green-emitting mate- 
rials of Homer, et al. (10). These were fractionated 
according to particle size by settling from water or 
aqueous glycerine solutions. Turbulent stirring of 
the suspensions with a surface active agent prior to 
settling reduced flocculation. Also, the green-emit- 
ting phosphor was subjected to ultrasonic vibration 
as an added measure to break up agglomerates. 
Nevertheless, some aggregation undoubtedly oc- 
curred prior to settling as some of the fractions 
showed a plurality of log-normal distributions. Un- 
fractionated phosphors showed only a single log- 
normal distribution. Individual particles were 
mainly globoid. A few particles showed triangular 
faces with rounded corners. 

The measurement of the luminous emittance of 
the powders was made using a cell similar to that 
described by Lehmann with castor oil as the sus- 
pending dielectric (11). The cell dimensions were 
1x 1x 0.005 in. A 1P22 photomultiplier was used as 
the detector. The phosphor concentration was held 
at a fixed volume fraction of 0.25 for all measure- 
ments. The experimental spread in duplicating a 
given emittance measurement, including factors for 
making the castor oil slurries, loading the cell, and 
aging it under an applied field, is about 10%. 
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Fig. |. Brightness-voltage characteristics of a green-emit- 
ting electroluminescent powder and some representative frac- 
tions. 


It has been demonstrated by Zalm (2) and Alfrey 
and Taylor (3) that brightness data are well rep- 
resented by straight lines when the log of the lu- 
minous emittance L is plotted vs. V"”, where V is 
the rms applied voltage. Figure 1 shows the emit- 
tance-voltage data of four fractions and of the un- 
fractionated green-emitting electroluminescent pow- 
der plotted in this way for a frequency of 600 cps. 
There is a distinct regularity in the variation of the 
slopes and the apparent intercepts with particle size. 
Variations in the emittances of up to an order of 
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Fig. 2. Brightness-voltage characteristics of a blue-emitting 
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magnitude at 60-70 v are evident. Figure 2 shows 
the data taken at 6000 cps for the blue-emitting 
phosphor, with a similar result. For both phosphors 
the effect has been observed at other frequencies in 
the range 60-6000 cps. 


Analysis of Results 


An attempt will be made to analyze the emittance 
data in terms of the luminous flux from each parti- 
cle. This flux itself originates at point sources of 
emission. We shall assume that a potential barrier 
exists at each point source and the flux from it is 
determined by the voltage drop, V,, across the bar- 
rier. V, will be determined largely by the voltage 
applied to the cell. However, it may have different 
values depending on the particle size and the num- 
ber and distribution of barriers in each particle. The 
procedure will be to evaluate V, for a given applied 
voltage and for different types of distributions. We 
then may express the dependence of the flux from 
each point source on the applied voltage and the 
parameters describing the particular distribution of 
barriers. The emittance of the cell is obtained by 
summing the flux from each point source in a parti- 
cle and then summing the contributions to the total 
emittance from each particle in the cell. Lehmann 
discussed this approach but did not attempt a quan- 
titative development (12) . 

For the a-c case, V, will vary with time during a 
cycle and, therefore, we must visualize it as corre- 
sponding to an average value. Zalm (2) and Alfrey 
and Taylor (3) have discussed this point and also 
the factors which determine how much of the volt- 
age applied to the crystal appears across the barrier. 

The voltage dependence of the luminous flux from 
the individual point sources will be assumed to be 
of the same form as the dependence of the emittance 
of the whole cell.’ Thus the flux F,, from one point 
source of those making up a given particle is 


F, = F, exp (—b’/V,’”) [1] 


where F, and b’ are parameters which are independ- 
ent of voltage. 

To evaluate V, in terms of the voltage applied to 
the crystal we shall assume that the electrolumines- 
cent layer is represented by a mixture of two ho- 
mogeneous dielectrics. The phosphor phase is con- 
sidered to be a rectangular array of cubic phosphor 
grains of uniform size dispersed in the insulating 
medium between plane parallel electrodes in the 
manner shown in Fig. 3. Following Roberts (12), the 
electric field in a particle E, is proportional to the 
mean applied field E,, through a factor dependent 
upon the ratio, r, of matrix and phosphor dielectric 
constants, and the volume fraction v of the phos- 
phor, i.e., E, = E,,-f(r, v). The voltage drop V, across 
one of the cubes in Fig. 3 is thus 


V, = (Va/l)-f(r, v) [2] 


where V is the applied voltage, | the distance be- 
tween electrodes, and a the cube edge. 
At this point some choice must be made as to the 
1Zalm (2) measured the flux from single grains of electro 


luminescent ZnS and showed that the dependence of the emission 
from single grains follows closely that of the composite cell 
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F, ~ exp(-bV,). 


Fig. 3. Schematic diagram of electroluminescent particles 
with (a) volume distribution of barriers, (b) surface distribu- 
tion of barriers, and (c) a constant number of barriers per 
grain, unity in the case pictured 


distribution of potential barriers in the particle. The 
choice of the distribution will determine how much 
of the voltage applied to the crystal as a whole will 
appear across each barrier and, therefore, governs 
the magnitude of the luminous flux from the region 
near each barrier. Three cases will be considered: 
(a) uniform distribution of barriers throughout the 
volume of the grain; (b) uniform distribution of 
barriers over the surface of the grain; and (c) con- 
stant number of barriers per grain regardless of 
dimensions. 

These cases are represented schematically in Fig. 
3 and considered in detail below. 

(a) Uniform distribution of barriers throughout 
the crystal volume.—Let the volume density of a 
system of identical barriers be n,/cm’*. Then along a 
line of force through a crystal with rectangular ori- 
entation relative to the electrodes there will be n,’” 
barriers per cm.’ In a crystal of edge a cm there are 
n,’*a barriers through the crystal in the direction of 
the applied field. Dividing the V, by this number of 
barriers gives for the voltage drop per barrier 


V, = V,/n,'“a = (V/In,"*) -f (7, v) [3] 


and substitution in Eq. [1] gives for the luminous 
flux from the region near each barrier 


F, — F, exp[—b/(V/In,"*)'*]; b = b’/f'*(7, v) [4] 


There are n,a’ barriers in the grain and the total flux 
F, from the particle is F, = n.a* F,. For a volume 
fraction of phosphor v in the suspending dielectric 
the number of grains N per cm’ of suspension is v/a’. 
The flux per cm’ of suspension is F = F,v/a* = vn,F, 
or from Eq. [4]: 


F = vn.F, [5] 


The luminous emittance L from a layer of the sus- 
pension | cm thick is proportional to F-l and there- 
fore 


L ~ vn, lF, exp[—b/(V/In,"*)**] [6] 


Thus, as the particle size a does not occur in Eq. [6], 
neither the intercepts nor the slopes of data plotted 


The number of barriers in the direction of the lines of electrical 
force will actually be proportional to n,'/*. Setting the number of 
barriers‘em equal to n,'" simply introduces a different arbitrary 
constant at a later point 
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as in Fig. 1 should depend on particle size for grains 
with a volume distribution of barriers. 

(b) Uniform distribution of barriers on the sur- 
face of the grains.—Let us next consider the barriers 
to be distributed over the surface of the grains at a 
concentration of n, barriers per cm’. The number of 
barriers on one cube face is n,a*. Also, as there is 
only one barrier along any line of force perpendic- 
ular to the surface, the full voltage applied to the 
grain will appear across each barrier.’ Thus, V, 
V, — (Va/l) f(r, v). Therefore from Eq. [1]: 


F, = F, exp[—b/(Va/l)**]} [7] 
The flux from each particle is F, 


flux per cm* is F 
given by 


n,a°F,. The total 
- vn,F,/a and the emittance is 


L ~ (vn,lF,/a) exp[—b/(Va/l)'*] [8] 


Here both the slope and intercept of log L vs. V~” 
will vary with particle size. It is seen from Eq. [8] 
that for all particle sizes, plots of log (La) vs. 
(Va/l)~* should be coincident. 

(c) Constant number of barriers per grain.—Next 
let us visualize a specific number of barriers, n, to 
exist on the surface of each particle and let n be 
constant for all particle sizes. The entire voltage 
drop per crystal is across the barrier as in case (b), 
and again V, = V> (Va/l) f(r, v). The total flux 
per particle is 


F, = nF, exp[—b/(Va/l)"*] [9] 
and 
L ~ (vnlF,/a*) exp[—b/(Va/l)**] [10] 


where again 
b = b’/f'*(1, v) 


Here too, both the intercept and the slope of log L 
vs. V'* vary with particle size. In contrast to the 
previous section, plots of log (La*) vs. (Va/l)™'* for 
various particle sizes should be coincident. The data 
in Fig. 1 and 2 eliminate the possibility of a volume 
concentration of barriers, as prominent particle size 
effects are evident. The model of a surface density 
of barriers is also not satisfied by the data, as Fig. 4 
shows a test of Eq. [8] for the fractions in Fig. 1. 
While the slopes of separate fractions show some 
degree of uniformity in Fig. 4, there is still a wide 
discrepancy among the intercepts. Good agreement 
with case (c) is found for the data of Fig. 1. The 
application of Eq. [10] to these data is shown in 
Fig. 5. The simple model of a constant number of 
barriers per grain fits well for this phosphor. 

While the blue-emitting phosphor of Fig. 2 shows 
pronounced particle size effects, the data are not 
satisfied by Eq. [10]. This is seen in Fig. 6; a de- 
pendence of slope on particle size still persists. For 
this phosphor it can be shown that the slopes in Fig. 
2 vary roughly as a, 

The development presented above can also be 
tested with unfractionated phosphors of differing 
mean particle size. Figure 7 shows a plot of the slope 
of (log L vs. V"*) vs. a“” for a group of blue-emit- 

* We visualize the barriers on only one side of the crystal to be 


operative during one half cycle of a.c. and those on the opposite 
side during the following half cycle. 
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Fig. 4. Test of Eq. [8] corresponding to a surface density 
of barriers (case b). Data are taken from Fig. 1. 


ting phosphors of the ZnS:Cu, Cl, Pb or ZnS:Cu, Cl 
type. The data fall close to a straight line with a 
slope greater than zero. This eliminates the possi- 
bility that the group is characterized by a volume 
distribution of barriers. It is not possible, however, 
to distinguish between cases (b) and (c) for these 
phosphors. 

It should be mentioned that, for a given field 
strength, Eq. [10] predicts a particle size a,, which 
gives maximum emittance: a,, b*/36(V/1l). This 
condition arises from the fact that as a decreases, 
the number of emitting particles per cm’ increases. 


(ARBITRARY UNITS ccm?) 


(Cu Ci EL, | 
600ces | 


(v 


Fig. 5. Test of Eq. [10] corresponding to a constant num- 
ber of barriers per grain (case c) for the data of Fig. }. 
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Fig. 6. Test of Ey. [10] corresponding to a constant num- 
ber of barriers per grain (case c) for the data of Fig. 2. 


At the same time however, the luminous flux per 
particle decreases with decreasing particle size. 


Discussion 

The data presented above show that the particle 
size is a significant factor in the brightness-voltage 
characteristics of electroluminescent phosphors. 
Limited agreement is obtained between the data 
and a simple theory based on a specific distribution 
of barriers in the phosphor particles. For both the 
fractionated green-emitting phosphor and the un- 
fractionated group of Fig. 7 the slopes of the exp 
(V"*) lines vary as a‘*. In particular, the data for 
this fractionated phosphor support case (c) corre- 
sponding to a constant number of barriers per grain. 
It should be emphasized that this concept, being de- 
rived as it is fiom the emittance data, applies only 
to the barriers which are active in the excitation 
processes. Other barriers or similar physicochemical 
constructs may be present in the particles but are 
not revealed by the emittance data. 

The reasons for the failure of the blue-emitting 
phosphor of Fig. 2 to show the same detailed be- 
havior as the green-emitting one are not clear. The 
assumptions regarding the identity of chemical com- 
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position of the fractions and the existence of a sim- 
ple distribution of barriers possibly need closer ex- 
amination. Poor separation during fractionation 
may also be a factor as the blue-emitting phosphor 
did not have the benefit of ultrasonic dispersion 
prior to settling. 

The development assumes that for barriers dis- 
tributed as in cases (b) and (c), the voltage drop 
per barrier V, will be determined largely by the 
grain size. This concept finds support in the work 
of Waymouth and Bitter (8), who studied the effects 
of geometric crystal orientation, relative to the field 
vector, on the emission from individual particles. 
They examined particles of elongated shape in 
which single spots of emission could be observed. 
These spots were brightest when the field was paral- 
lel to the long axis of the particle. One possible in- 
terpretation of this from the present work is that 
the elongated particle exhibits the greatest “effec- 
tive particle size” when oriented parallel to the field, 
causing V, and therefore F, to be larger than for 
any other orientation. 

We can only speculate at present on the number of 
barriers per grain for case (c). The choice of one 
barrier per grain is attractive. Waymouth and Bit- 
ter examined a large number of single grains of 
phosphors also synthesized by the method of Homer, 
et al. (10) and observed brightness waves with only 
one major emission peak per cycle. If more than one 
barrier were operative in a crystal, then emission 
during each of the two half cycles would be ex- 
pected. 

In practical electroluminescent cells the grains 
are not cubic and perfectly oriented. However, the 
aim of the development is to produce the correct 
functionality in equations relating light output to 
particle size. Absolute values are not of concern. 
The shape might have been taken to be something 
other than cubic with the same result; the cube of a 
characteristic linear dimension would enter into the 
pre-exponential factor in Eq. [10] and as the neg- 
ative ‘2 power in the exponential term, regardless 
of particle geometry. Neither does the fact that only 
polydisperse materials can be obtained by fraction- 
ation limit the validity of the arguments. It is seen 
that the unfractionated powder behaves as if it were 
a fraction with the effective particle size equal to 
the average. 

It is possible to employ the present analysis in 
several ways. First, it provides a possible approach 
to distinguishing between classes of phosphors pos- 
sessing dissimilar distributions of barriers. How- 
ever, the equations do not provide means for dis- 
tinguishing between surface and volume barriers. 
For instance, Eq. [10] can be obtained by choosing 
a small value for the number of barriers in each 
-grain and distributing them throughout the volume. 
If the density of such barriers is low, so that a sin- 
gle line of force through the crystal sees only one 
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barrier, then the equation so derived is exactly of 
the same form as Eq. [10]. For other phosphors, 
distributions not considered here may be of im- 
portance. 

Second, if the distribution of barriers can be es- 
tablished, the characteristics of phosphors with 
different particle sizes can be compared, with allow- 
ance for size. Thus if the data for a pair of phosphors 
are plotted as in Fig. 4, comparison of the ordinates 
for a specified value of the abscissa gives a measure 
of the relative light output corrected to the same 
particle size and applied field. 

Third, it may be possible to employ the analysis 
for a better understanding of the factors which 
influence the efficiency of the excitation process. 
Figure 7 shows that a constant slope exists for sev- 
eral electroluminescent phosphors of the ZnS:Cu, Cl 
type. Theoretical arguments have been advanced 
which state that the slopes are related to the prob- 
ability that an electron accelerated in the region of 
a potential barrier will result in impact ionization 
(2, 3). Changes in the composition of the phosphor 
which change the slopes may yield information on 
the chemical and physical factors which govern the 
properties of the barriers. 
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A Method for the Purification of Selenium 


S. Nielsen and R. J. Heritage 


Royal Radar Establishment, Great Malvern, England 


ABSTRACT 


A method has been worked out for purifying selenium based on the forma- 
tion and decomposition of hydrogen selenide. Details of an apparatus capable 
of producing about 10 g/hr of extremely high purity selenium are given. 
Several analytical methods used in examining the product are outlined. 


Selenium is recovered industrially from two main 
sources (a) flue dust obtained in burning pyrites in 
the manufacture of H.SO,, and (b) anode slimes from 
electrolytic refining, particularly of Cu. Usually the 
crushed ore is roasted in air and the SeO, formed, 
sublimes, and is collected in water. Selenium is re- 
covered from this solution by reaction with SO. ac- 
cording to the equation 


H.SeO, + 2SO, + H.O — Se + 2H,SO, 


Material prepared in this way is approximately 
99.5% pure, the main impurities being S and Te (1). 

Further purification has been achieved in several 
ways. Henkels (2) recommended a 4-stage pro- 
cedure: (a) distillation of the Se at atmospheric 
pressure, (b) conversion to SeO., (c) purification of 
the SeO. by sublimation, (d) recovery of the Se by 
reaction of the dioxide with gaseous ammonia ac- 
cording to the equation 


3SeO. + 3NH; = 3Se + 2N. + H.O 


High purity Se has also been produced commer- 
cially by the ammonia reduction of SeO., which has 
been prepared by the catalytic vapor phase oxida- 
tion of Se (3). A recent patent (4) pointed out that 
selenium could be obtained spectrographically pure 
by a direct solution method. In this process Se was 
dissolved in a hot aqueous solution of sodium sul- 
fite and a small quantity of aluminum sulfate solu- 
tion added. Aluminum hydroxide precipitated, 
carrying with it impurities present in the solution. 
After filtration, purified Se was precipitated on cool- 
ing. Nijland (5) recommended a sublimation pro- 
cedure at a pressure of 10° mm Hg and claimed 
that sublimation was much better than distillation. 
Also methods based on the purification of SeO, in 
solution using ion exchange resins have been 
used (6). 

Distillation and sublimation techniques are to be 
preferred since they are simple and the purification 
of other chemicals is not required. However our ex- 
periments with radiotracers suggested that to achieve 
a significant reduction in impurities repeated sub- 
limation would be necessary. Our attempts to purify 
Se by zone melting were also without success. 

Selenium doped with 10 ppm of radioactive Cu 
and Sb was sublimed in a simple tube-type ap- 
paratus. The results indicated that the Cu content of 


the sublimate was reduced to about 0.5 ppm and the 
Sb content to about 0.2 ppm. 

An ingot of Se which had been previously doped 
with 100 ppm of each of the impurities shown in 
Table II was zone-melted in a sealed evacuated 
silica tube. After 30 passes, samples taken from 
along the ingot were examined spectrographically, 
but no movement of impurities could be detected. 
The ingot length was ~30 cm, the zone length ~2 
cm, although there was a pronounced tendency for 
supercooling, and the rate of zone travel was 5 
em/hr. 

These experiments suggested that neither subli- 
mation nor zone melting processes were particularly 
effective, and we report here a new method which 
we believe to provide very pure Se. The method 
involves the formation and decomposition of H.Se. 
Hydrogen selenide is formed by bubbling purified 
hydrogen through molte:: Se at 650°C. The H.Se is 
decomposed by passing the gas ‘hrough a silica tube 
maintained at 1000°C. With a suitably constructed 
tube about 70°; of the selenide is decomposed. Un- 
decomposed H.Se is condensed in a liquid air trap 
and later allowed to recirculate through the decom- 
position tube. In this way practically all the H.Se is 
decomposed. The Se liberated is collected by melt- 
ing into a silica crucible. 

The only other elements likely to form hydrides 
under these conditions and consequently those 
likely to be impurities in the final material are F, 
Cl, Br, I, O, S, Te, P, As, and Sb. The first 6 of these 
elements form hydrides more readily than Se and 
the others less readily. Further, the hydrides of the 
first 6 are less easily decomposed at 1000°C than 
H.Se, while the others are more easily decomposed 
(cf. Table I). The difference in stability is utilized in 
this process. Further purification of the H.Se could be 
obtained by fractional distillation (cf. Table I) or 
gas chromatographic procedures, but we have not 
found these necessary. 

The advantage of the process lies in the purity 
which can be obtained in one operation. For in- 
stance, it has been shown using radiotracers that, if 
1 ppm: of the Cu or Sb is added to the starting mate- 
rial, there is an improvement of the order of 10°. It 
is clear also that very low grade Se can be purified 
in this way. A serious disadvantage, however, is that 
H.Se is very toxic and consequently care must be 
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Table |. Physical properties of hydrides 


HI H,O 


MP 

BP 
Approx. 

% decomp. 
at 1000°C 


taken to avoid leakages when assembling and han- 
dling the apparatus. 


Apparatus 

The general arrangement of the apparatus, as il- 
lustrated in Fig. 1, is described below, followed by 
details of the individual units. Hydrogen is purified 
(H, purifier) and bubbled through molten Se where 
a portion is converted into H,Se (H.Se generator) 
The gas stream then passes though trap I at 300°C 
and through trap II at —20°C. During the first % 
hour’s operation the gas is led direct to waste with 
taps B and D being open and taps C and E closed. 
After this time, tap D is closed and C and E opened 
and the gas stream is led into condenser I. This is 
maintained at —196°C by surrounding it with liquid 
nitrogen when H.Se is condensed. When a suitable 
quantity of H.Se has been collected, the hydrogen 
flow is stopped, taps A and B are closed, and the 
H.Se is allowed to evaporate into a silica tube main- 
tained at 1000°C (decomposition tower). In this 
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Fig. 2. Hydrogen purifier 


HS H.Se 


tower H.Se is cracked into its elements and the Se 
is collected by melting into a silica tube. Most of the 
undecomposed H,Se is trapped in condenser II 
which is surrounded by liquid nitrogen and any 
which passes through this is converted into copper 
selenide by bubbling through a solution of copper 
sulfate (waste). After the H.Se in condenser I has 
been passed through the tower, tap E is closed and D 
opened and the selenide in condenser II is allowed 
to evaporate through the decomposition tower in the 
reverse direction. Any undecomposed H.Se then 
passes into waste where it is converted into copper 
selenide. 

Periodically, crude Se is added to the generator 
and the purified Se collected from the tower. Hydro- 
gen selenide can be recovered from waste by reac- 
tion of the copper selenide with acid. 


Hydrogen Purifier 


We have used oxygen-free hydrogen which has 
been further purified by passing through a palla- 
dium diffusion unit (Fig. 2) followed by a liquid 
air trap. In most of our experiments, a flow rate of 2 
l1/hr was maintained. When flow rates of 10 I/hr 
were used the hydrogen was purified by passing 
through a “Deoxo” catalytic purifier’ again followed 
by a liquid air trap. 

Generator 

The purified hydrogen is passed through molten 
Se in a simple trap-type apparatus illustrated in 
Fig. 1. The apparatus is made of fused quartz and 
contains 150 g of crude Se. The Se is introduced in 
pellet form via a long arm closed with a rubber 
bung. For the first % hour’s operation the Se is 
maintained at 550°C and after this time at 650°C. 

A temperature of 550°C is used initially when 
volatile materials and elements which react readily 
with hydrogen are expelled from the Se, these being 
sent direct to waste. During the remainder of the 
operation a temperature of 650°C is maintained. At 
this temperature the reaction H, + Se = H.Se pre- 
cedes more rapidly than at 575°C, the temperature at 
which the concentration of H.Se in the equilibrium 
mixture is greatest (7). Actually we have used two 
generators coupled in series to insure that a near 
equilibrium concentration of H.Se is attained. The 
fact that the second generator does not lose weight 
suggests that this may be so. Under these conditions, 
we expect those materials such as the halides, oxy- 
gen, and sulfur, which form hydrides more readily 
than selenium, to be removed during the prelimi- 
nary ™% hr at 550°C. We have found from doping 
experiments that Te, As, and Sb are not carried over 
under the normal experimental conditions. The only 
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impurities likely to be present in the gas stream 
leaving the generator are volatile materials such as 
hydrocarbons, etc., not removed by the preliminary 
stage and particles which are carried along in the 
gas stream. 
Impurity Traps 

Trap I is maintained at 300°C such that any hy- 
drides of As, Sb, and Te which may be present 
would be decomposed. Trap II is cooled in an ice/ 
salt mixture at —20°C to collect any particles car- 
ried over in the gas stream and any vapors which 
may be condensed at this temperature, e.g., mercury 
or water. Both the traps are of the same design as 
the generator and made of fused quartz (cf. Fig. 1). 


Condensers 


The gas stream is then passed into condenser I 
which is maintained at —183°C. The condensers are 
made of quartz, and a very simple design such as 
illustrated in Fig. 1 is satisfactory. Two condensers 
of 300-m] capacity, coupled in series could be used 
with the generator for about 4 hr. After this time, 
the H.Se is allowed to evaporate over into the de- 
composition tower. The condensation and subse- 
quent distillation result in further purification of the 
H.Se and also enable the gas to be recirculated 
through the tower. 


Decomposition Tower 

From preliminary experiments we found that a 
decomposition tower of the type illustrated in Fig. 3 
was very satisfactory. It appeared that the H.Se 
needed to be raised to 1000°C and then the products 
cooled rapidly, so that they did not reform H.Se. 
Selenium condenses at points shown in Fig. 3 and is 
melted with a bunsen burner into a silica collecting 
crucible. 

Under equilibrium conditions, at 1000°C, about 
75% of the H.Se is decomposed. Table I indicates 
the extent to which the other hydrides decompose at 
1000°C. From this, it is suggested that only sulfur 
and iodine may appear in the final product, and the 
concentrations of these will be appreciably reduced. 

Any H.Se which escapes the condensers, passes 
into waste. This consists of two bubblers. The first 
bubbler contains 50% H.SO, to prevent water and 
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oxygen diffusing back into the tower. The second 
contains copper sulfate solution in which the H.Se 
decomposes according to the reaction H.Se+CuSO,= 
CuSe+H.SO,. Periodically the copper sulfate is re- 
newed. 


Taps and Assembly 

The units of the apparatus have been sealed to 
each other, but the final assembly is fragile. We have 
found it more convenient to use polythene, silicone 
rubber, or rubber tubing to connect the units. The 
tubing quickly becomes coated with a layer of Se 
which would tend to reduce any possible exchange 
reaction. The separate units are cleaned by soaking 
in a mixture of HNO, and HF, washing with metal- 
free water and finally with distilled acetone. The 
units are heated to a high temperature in air to re- 
move adhering liquid and then heated by a flame 
when assembled in the apparatus with a stream of 
hydrogen passing through. 


Results 

The efficiency of the process was estimated by 
weighing the generator before and after an experi- 
ment and weighing the amount of purified Se ob- 
tained. In a typical experiment the following results 
were obtained: 28 g of Se was used in the genera- 
tor and the H.Se produced was trapped in condenser 
I. When this was allowed to evaporate through the 
tower, 20 g (70%) of Se was formed. Undecomposed 
H.Se which was trapped in condenser II was re- 
cycled through the tower and yielded a further 4 g 
(14%) Se. The total yield of the process was, there- 
fore, 84°.. In an experiment not using condenser I, 
the gas mixture leaving the generator being passed 
directly into the decomposition tower, the following 
typical figures were obtained: 33 g of Se was used 
in the generator and 21 g (64°. ) of Se was obtained 
after passing through the tower. The undecom- 
posed H.Se trapped in condenser II was recirculated 
through the tower and a further 8 g (24%) pro- 
duced, giving a total yield of 88°... The efficiency of 
the process is seen to be high and yields near 100° 
are possible if the undecomposed H.Se is recircu- 
lated through the tower after condensing. 


Analytical Tests 
1. Selenium doped with 100 ppm of each of the 
elements Cu, Hg, Pb, Sn, Ag, Bi, Fe, Si, and 500 ppm 


Table Ii. Results of analytical test No. | 


Impurity 


Initial Final Detection limit 
ppm ppm 


Cu 100 Not detected 0.2 
Hg 100 Not detected l 
Pb 100 Not detected 1 
Sn 100 Not detected 10 
Ag 100 Not detected 0.1 
Bi 100 Not detected 20 
Fe 100 7° 10 
Si 100 7° 20 
As 500 Not detected 300 
Sb 500 Not detected 50 


Te 500 Not detected 


* Traces of these were also visible with blank electrodes. 
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of As, Cb, and Te was used in the generator and the 
purified Se examined spectrographically. Ten-mg 
samples of Se were arced at 6 amp D.C. between 
graphite electrodes on Hilger Medium Quartz Spec- 
trograph. Results are given in Table II. The limit of 
detection of the process was obtained by successive 
dilution of the doped Se. 

2. Selenium doped with 1 ppm of radioactive Sb 
and Cu (separately) was used in the generator. 
After operation, traps I and Ii, condensers I and II, 
and the purified Se were examined for radioactivity. 
Quantitative estimation of the impurity content was 
obtained by dissolving the Se in HNO, and using a 
solution counting method. 

3. The Li, Na, and K content of the purified Se 
was examined, using an Evans flame photometer. 
Samples of Se (10 g) were dissolved in concentrated 
HNO, (30 ml) and the solution evaporated to dry- 
ness. Selenium dioxide was then sublimed at 300°C. 
The residue was taken up in warm metal-free water 
(10 ml) and examined in the photometer. Calibra- 
tion, using a series of standards, indicated that the 
reading on the photometer varied 
linearly with concentration in the ranges 0-1 ppm 
for Na, 0-3 ppm for Li, and 0-5 ppm for K, with a 
standard deviation of +0.05, +0.1, and +0.1 ppm, 
respectively. These tests also indicated that Na, Li, 
and K, were not lost during the evaporation of SeO.. 
Results with purified Se are given in Table III. 

4. Copper, silver, mercury, tin, zinc, lead, in- 
dium, and bismuth in the purified Se were estimated 
using the following procedure. Selenium (5 g) was 
dissolved in warm concentrated HNO, (20 ml) and 
the solution adjusted to pH 9.5 with ammonia. The 
solution was then extracted with 5 ml of a 0.005% 
solution of dithizone (diphenylthiocarbazone) in 
The chloroform extract was then al- 
lowed to drip on to a sample of ammonium sulfate 
(5 mg) maintained at 85°C. The chloroform evap- 
orated leaving the solute adsorbed on the ammo- 
nium sulfate; this was then arced on the spectro- 
graph as described previously. Checks on the limit 
of detection were made by introducing impurities 
as nitrates into the solution of Se in HNO,. Results 
are given in Table III. We found that it was neces- 
sary to redistill all the reagents in quartz apparatus 
and to carry out all operations in quartz vessels to 
avoid pickup of traces of impurity from glass. It was 
also advantageous to work in clean laboratory with 
still air. 

5. We are also greatly indebted to the Boliden 
Mining Co., Skelleftehamn, Sweden, for the analytical 
results presented in Table IV, which, we understand, 
were obtained by a modified spectrographic tech- 
nique 


galvanometer 


chloroform 


Analytical Results 

The results of the analytical 
shown in Tables II and III. 

Our analytical techniques could detect no differ- 
ence in the impurity content of the final Se whether 
the H.Se was condensed before entering the decom- 
position tower or allowed directly through. 

In the experiments with radioactive Cu no trace 
of radioactivity could be detected in the final Se or 
in any part of the apparatus except the generator. 


experiments are 
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Table Ili. Results of analytical tests Nos. Ill and IV 


ppm in purified Detection 
Method Impurity selenium limit 
ppm 
Flame Li Not detected 0.07 
photometer Na 0.25 0.02 
K 0.3 0.10 
Zn Not detected 1 
Cu 0.04 0.04 
Dithizone Ag 0.04 0.04 
Extraction Pb Not detected 0.4 
and Hg Not detected 0.5 
spectrograph Bi Not detected 1 
In Not detected 2 
Sn Not detected 1 


As 1 ppm of Cu was used, this means less than 2 x 
10° ppm was present in the purified Se. Using radio- 
active Sb, however, a trace of activity was found in 
trap II and the final material appeared to contain 
about 10° ppm. Selenium obtained when H.Se from 
condenser II was recycled through the decomposi- 
tion tower showed no trace of activity. 

Combined results of the analysis suggest that 
traces of Na, As, Pb, and Cu may be present in the 
purified material. Although the total amount of im- 
purity appears to be small, the difficulty of analysis 
at these concentrations precludes an accurate esti- 
mate. 

Discussion 

If Cu is regarded as typical of cations which do 
not form hydrides, then the experiment using radio- 
active Cu indicates that such cations are not carried 
over during the purification procedure. The presence 
of Cu shown by direct analysis suggests that it has 
either been picked up from the silica apparatus or 
has been introduced during the transfer operation. 
We have also found it extremely difficult to remove 
traces of Cu from the reagents. It is probable that 
the other cations indicated by the analysis are also 
introduced in these ways. The experiment with ra- 
dioactive Sb suggests that traces of the hydride of 
Sb may be formed during the experiment but an 
improvement of 10° may be expected. 

It is not certain, at present, whether the As pres- 
ent in the final material has been transferred as the 
hydride or is due to pickup from the silica appara- 
tus, in which it is known to be present. The absence 
of detectable S and Te in the product is encouraging 


Table IV. Results of the Boliden analysis 


Te Not detected 
Al Not detected 
As 1.0 ppm 

Bi Not detected 
Zn Not detected 


Sb Not detected 


Impurity Detec- Impurity Detec- 
content tion content tion 
Impurity in sample limit Impurity in sample limit 
ppm ppm 
Ag Notdetected 0.03 Ca Notdetected 1 
Cu 0.20 ppm = Cr Notdetected 0.3 
Hg Notdetected 0.5 Mg Notdetected 0.3 
Fe 0.60 ppm 3 Mn Notdetected 0.1 
3 Ni Not detected 0.3 
Na 0.40 ppm Jl Pb 0.6 ppm 0.3 


1 

3 Si Not detected 1 
Sn Notdetected 0.3 

1 S Not detected 5 


0 
0 
0 
0 
K Not detected 0 
0 
l 
0 
1 
0 
1 Ce Notdetected 2 
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and suggests that these are at least substantially re- 
duced by the process. 

The amount of Se which could be purified appears 
to be limited only by the rate of flow of hydrogen 
through the Se. Flow rates of 10 1/hr result in pro- 
duction of about 10 g of Se/hr. It is important that 
the flow rate is such that H.Se attains 1000°C in the 
decomposition stage. Analytical results (cf. Table II) 
suggest that quite impure Se may be refined in this 
way. 

It may be mentioned that the purified H.Se may 
be decomposed chemically if suitably pure reagents 
are available and may also be converted directly 
into a metal selenide should this be required. 
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Electrodeposition of High-Purity Chromium 
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ABSTRACT 


Thick chromium deposits were prepared by the electrolysis of aqueous 
chromic acid baths. Metal containing 0.005% oxygen, less than 0.002% nitro- 
gen, and only traces of metallic impurities was obtained upon electrolysis of 
purified solutions at elevated temperatures. 
melting, this type of chromium could be hot-worked to rod and drawn to wire 
that was ductile at room temperature. 


The electrolysis of chromic acid solutions was 
selected for study as a method of preparing high- 
purity chromium because metallic impurities may 
be excluded easily and gaseous impurities remain 
at very low levels. Although a low current efficiency 
is obtained in electrowinning chromium from hex- 
avalent solutions and chromic anhydride is an ex- 
pensive reagent, this method was adopted because 
it was found that metal could be prepared suffi- 
ciently pure to permit a study of its properties with- 
out additional purification steps which, in turn, are 
costly. 

Electrodeposition from chromic acid solutions has 
been practiced from the time Fink (1) patented his 
process in 1926; however, its use has been confined 
mainly to decorative plating. Adcock (2) prepared 
massive deposits in 1927 as a means of making chro- 
mium for physical studies, but it was not until more 
recently that Greenaway (3) and the Bureau of 
Mines, United States Department of the Interior (4) 
employed high-temperature baths operated at high 
current density to yield thick deposits of low-oxygen 
chromium. 

Brenner, Burkhead, and Jennings (5) investigated 
the properties of thin chromium electrodeposits 


METHOD FOR PURIFICATION OF SELENIUM 
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After consumable electrode arc- 


plated under widely differing conditions of solution 
concentration, temperature, and current density. 
Their work indicated that the level of oxygen con- 
tamination in the electrodeposits was governed 
primarily by the temperature of deposition, with 
high temperatures favoring lower oxygen contents. 
Consequently, high-temperature baths were em- 
ployed exclusively in this work. It has been demon- 
strated (6-8) that oxygen has little effect on the 
ductility of chromium metal; however, the object 
of this investigation was the preparation of the pure 
metal for direct study and for alloy studies, and 
since oxygen is generally the major contaminant in 
chromium, efforts were made to maintain a low oxy- 
gen level. 


Experimental Work 
Description of Apparatus 


A number of different cells and procedures were 
studied during the course of the investigation, but 
only the more recent apparatus used in preparing 
metal for fabrication studies is described here. 

The bath was maintained in a circular steel tank 
18 in. in diameter and 16 in. in height lined on the 
inside with unplasticized polyvinyl chloride. This 
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was found to be one of the few corrosion-resistant 
nonmetallic materials that would withstand the op- 
erating temperatures of 90°C. A 6-in. diameter alu- 
minum tube in the center of the cell served as 
cathode. In earlier runs the anode consisted of a 
16-in. diameter coil of %4-in. lead tubing which 
served also as a cooling coil. In later runs the cell 
comprised a lead vessel in a steel container, and the 
cell was used as an anode, the electrolyte being 
cooled by circulating water in the annular space 
between the cell and the steel container. In either 
type of cell the flow of water was regulated with a 
Powers regulator’ activated by a temperature-sensi- 
tive, lead-sheathed bulb in the electrolyte. The 
tubular lead anode was more effective in removing 
heat and controlling temperature at high current 
densities, but the lead-pot type suffered less anodic 
corrosion. 

Because the bath was operated at its boiling point 
and was in a constant state of violent agitation, due 
to the large amount of hydrogen being produced, a 
Micarta cover was fitted over the cell to direct the 
escaping mist and vapors to a glass reflux condenser 
which returned them to the cell. Losses of uncon- 
densed liquid were made up from a reservoir placed 
above the cell and connected to a constant-level 
device to maintain a uniform electrolyte level in 
the cell. 


Cell Operation 


The electrolyte was made up by dissolving chro- 
mium trioxide in distilled water and adding sulfate 
ion as H,SO,,. 

Since the electrolyte was used repeatedly, im- 
purities were prevented from building up by con- 
tacting the solution with a cation-exchange resin 
before each run. A 4-in. diameter resin bed 30 in. 
deep was employed. By analyzing the H.SO, solution 
used to regenerate the resin, it was determined that 
Al, Cu, Fe, Ni, Si, and Sn were being removed by 
this treatment. 

Cation-exchange resins of the sulfonated poly- 
styrene type have been recommended (8) for treat- 
ing strongly oxidizing solutions, such as chromic 
acid. Although this general type was employed, 
there was considerable variation with respect to 
stability among the different resins tested. Amber- 
lite IR-120 was found to be highly resistant to oxi- 
dation at room temperature when used with solu- 
tions containing up to 250 g/l of chromic acid. 

During electrolysis the chromium concentration 
in the electrolyte was determined twice daily by 
specific gravity measurements and adjusted by the 
addition of chromium trioxide to the feed reservoir 
or directly into the cell. The sulfate ion concentra- 
tion was adjusted at the beginning of each run. 

Direct current was supplied to the electrodes from 
a 4000-amp selenium rectifier. 

To take advantage of the relationship between 
operating temperature and the oxygen content of 
the deposit, the electrolyte temperature was main- 
tained near the boiling point. Since early deposition 
tests at lower operating temperatures had confirmed 
the temperature-oxygen content relationship as re- 
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ported by Brenner and co-workers (5), all runs in 
this investigation were made in the 85°-90°C range. 

During electrolysis, the deposit appeared first as 
a smooth surface having a matte finish, but as de- 
position continued it changed to a more nodular 
form. Because the electrolyte had poor throwing 
power, the nodules grew quickly into long dendrites, 
which eventually broke from the cathode and 
dropped to the bottom of the cell. Although the den- 
drites could be recovered as metal, it was necessary 
to treat them with nitric acid to remove lead chro- 
mate, which sloughed off the anode and mixed with 
the dendrites. Also, the dendrites consistently con- 
tained more oxygen than the adherent deposits. 

For these reasons attempts were made to minimize 
the growth of dendrites. This could be accomplished 
to some degree by changing cathodes at shorter in- 
tervals before the dendrites formed; however, the 
thinner deposits were very difficult to remove from 
the cathode by mechanical methods. It was found 
that a deposition interval of 72 hr generally yielded 
a deposit between 1/16 and 3/32 in. thick, which 
was plated in a highly stressed condition. A deposit 
of this nature could be removed by striking the 
cathode a sharp blow with a hammer. Scoring the 
surface of the aluminum cathode into 1l-in. squares 
before electrolysis caused a thinner deposit to be 
formed at the score marks and facilitated removal 
of the deposit. 


Experimental Results 


Table I shows the results of 72- and 96-hr depo- 
sition tests at cathode current densities ranging 
from 340 to 1100 amp/ft* and with various electro- 
lyte compositions. Analyses were performed on 
specimens taken from ingots arc-melted from repre- 
sentative portions of the deposit. Oxygen and hydro- 
gen were determined by vacuum fusion analysis, 
and nitrogen was determined either by vacuum 
fusion or Kjeldahl analysis. 

Figure 1 is a plot of the data appearing in Table I 
and shows the relationship between the cathode 
current density and the proportion of the cathode 
deposit that appeared as loose dendrites. This plot 
indicates the advantage of operating at lower cur- 
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Table |. Results of electrolytic tests 


Cathode 


Bath composition Cathode 
current current 
Run SO,, CrOs, Ratio, density, efficiency, 
No. Hr g/l g/l CrOs/SO, amp/ft® % 
1 72 2.5 125 50 340 12.3 
2 96 1.0 125 125 350 Be 
3 96 2.2 85 39 350 10.2 
4 96 2.1 125 60 365 11.6 
5 96 2.6 125 48 385 13.1 
6 72 2.5 125 50 385 13.6 
7 72 3.9 125 32 550 10.5 
8 72 5.2 250 48 580 8.8 
9 72 3.9 125 32 600 8.4 
10 72 7.8 250 32 610 8.4 
11 72 2.5 250 100 750 9.7 
12 72 2.5 250 100 750 8.6 
13 72 2.5 250 100 750 8.6 
14 72 2.5 250 100 750 11.2 
15 72 2.5 250 100 750 10.7 
16 76 2.5 250 100 800 8.7 
17 72 2.5 250 100 800 7.8 
18 72 2.5 250 100 800 8.5 
19 72 2.5 250 100 800 7.5 
20 72 2.5 250 100 800 1.3 
21 72 2.5 250 100 900 9.4 
22 72 2.5 250 100 900 12.8 
23 72 2.5 250 100 900 8.5 
24 72 2.5 250 100 1100 8.8 
25 72 2.5 250 100 1100 7.3 
26 72 2.5 250 100 1100 8.5 
27 72 2.5 250 100 1100 8.4 
28 72 2.5 250 100 1100 8.9 
*P = deposit adhering to cathode; D dendrite deposit fallen from cathode. 


rent densities if a greater proportion of low-oxygen, 
solid deposits are desired. These data are not strictly 
comparable, because larger amounts of chromium 
usually were deposited in the tests at higher current 
densities, and a greater proportion of dendrites 
might be expected under these circumstances. How- 
ever, the relationship appears to be independent of 
either the current efficiency or time of deposition, 
which might also be expected to influence the results 
if the relative amount of deposit was a major factor. 

Table I indicates that the current efficiency was 
independent of the current density at constant bath 
composition. These data also suggest that optimum 
current efficiencies were obtained when baths were 
used having CrO, to SO, ratios of approximately 50, 
with somewhat lower efficiencies resulting from 
either higher or lower ratios. In this respect, the 
present investigation is in general agreement with 
the work of Greenaway (3). 

At constant temperatures the oxygen content of 
the deposit appeared to be independent of both cur- 
rent density and bath composition. In all instances 
the dendritic deposits were found to contain a sig- 
nificantly higher amount of oxygen than the corre- 
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Dendrite Analysis, ppm 
deposit 
% Os He Ne c 
0 P 410 2 10 110 
0 P 50 1 20 
20 
8 
7 
3 
29 P 55 1 <30 250 
22 P 140 2 <50 
33 P 1150 7 20 
18 Pp 50 <30 
33 P 100 3 <20 
D 920 3 <20 
38 Pp 120 5 <20 
D 590 5 <20 
34 P 40 1 <20 
D 600 5 <20 
33 P 250 4 <20 
D 355 6 <20 
30 P 134 2 85 
D 836 4 <20 
53 Pp 150 934 <20 740 
D 970 <20 <20 
45 Pp 215 14 <20 370 
D 1170 <20 <20 
51 120 <20 <20 a 
D 260 <20 <20 <50 
45 P 130 <20 <20 <50 
D 740 5 <20 
54 Pp 200 <20 <50 
b 920 <20 <50 
52 Pp 210 <20 
D 1170 20 
64 
39 
65 
65 
69 P 220 5 <20 
70 D 1140 10 <20 
61 


sponding deposits which adhered to the cathode; 
however, the dendrites also exhibited a significantly 
greater amount of surface, which might account for 
the higher oxygen level. Usually the deposit which 
was removed from the cathode was found to contain 
between 50 and 250 ppm oxygen and less than 20 
ppm nitrogen. 
Metallic impurities were not determined quanti- 
tatively, but qualitative spectrographic analysis in- 
dicated that the deposits usually contained trace 
amounts of aluminum, iron, or silicon. There was no 
detectable difference between the dendritic or ad- 
herent deposits with respect to metallic impurities. 
Figure 2 shows photomicrographs of arc-melted 
chromium representing both types of deposits. The 
increased amount of second-phase material in the 
dendritic deposit illustrates the higher oxygen level 
in this material. 
Physical Testing 
For evaluation, the deposits were consolidated by 
the inert atmosphere, cold mold, arc-melting tech- 


nique. Homogeneous samples were prepared for 
analysis by melting a 50-g representative portion of 


72 
Page 
ae 3 
| | 
| 
% 
% 
Ng ie 
aq 
nt 


‘ 

(b) 
Fig. 2. Photomicrographs of arc-melted, as-cast chromium 
electrodeposits, chromic acid-electrolytic etch. (a) Adherent 


deposit 40 ppm oxygen, (b) dendritic deposit 600 ppm oxygen 
Magnification 100X before reduction for publication 


each deposit, employing a nonconsumable tungsten 
electrode for arc melting. Larger ingots were pre- 
pared for physical studies by melting the chromium 
as a consumable electrode into a 2-in. diameter, 
water-cooled copper crucible. In this case the de- 
posit was crushed to p2ss minus-8-mesh and com- 
pressed into l-in. by 1-in. electrodes 10 in. long. 
The electrodes were sintered 8 hr in purified hydro- 
gen at 1200°C to increase their mechanical strength. 

Tensile tests were made on wire specimens pre- 
pared from the arc-cast ingots. Ingots were scalped, 
sheathed in stainless steel, and swaged at 1100°C 
to approximately 1-in. diameter. The 1-in. diameter 
swaged rods were recrystallized by heating to 
1200°C sheathed in mild steel and swaged to ap- 
proximately 0.25-in. diameter. After recrystalliza- 
tion the rods were reduced to 0.125-in. diameter 
test wire by drawing through tungsten carbide dies 
at 350°C. All of the specimens were tested in the 
50% worked condition. Tensile specimens were pre- 
pared by stopping off the ends and electrolytically 


Table II. Tensile strength of wire at 25°C 


Ingot analysis, ppm Wire Elonga- 

Specimen analysis, U.T.S., tion, % 

No 2) H N ppm N 1000 psi. in 1 in. 
W-65 245 6.7 <50 40 69 10 
40 69 16 
W-82 245 6.7 <50 50 68 15 
50 68 16 
W-88 245 6.7 <50 30 57 26 
SA, 17,286 — — 210 72 0 
— 70 0 
SA 16, 284 40 2 <30 220 77 0 
74 0 
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Fig. 3. Stages employed in preparing chromium wires from 
electrodeposit 


etching the wire surface in the center portion to 
yield a reduced section along the gauge length. In 
this work, as in previous investigations (9, 10), the 
full ductility of the material was not realized until 
a thin surface layer had been removed from the 
specimens by etching. Although the wires could not 
be bent before etching, after removal of the surface 
layer the wires could be reverse-bent by hand re- 
peatedly without fracture. 

Table II shows the results of tensile tests at 25°C 
representing specimens prepared from two ingot 
melts. Because of the opportunity for gaseous con- 
tamination during the sintering, arc-melting, and 
annealing steps, the broken tensile specimens were 
analyzed for nitrogen content as shown. The results 
indicate that material containing 50 ppm or less 
nitrogen is ductile, while chromium containing on 
the order of 200 ppm nitrogen has no ductility. This 
shows the importance of preparing and maintaining 
a low nitrogen content in the metal if ductility is 
desired. 

Figure 3 represents the stages employed in pre- 
paring chromium wires, showing the electrodeposit, 
a section of partly melted consumable electrode, an 
ingot section, swaged rod, and drawn and etched 
ductile wire. 

Conclusions 

High-purity chromium can be prepared conven- 
iently by high-temperature electrodeposition from 
purified chromic acid solutions, yielding deposits 
containing only trace amounts of metallic impuri- 
ties, with oxygen the chief impurity. After having 
been melted and worked into shapes, electrolytic 
chromium exhibits tensile properties comparable to 
chromium prepared by refining commercial grade 
material by hydrogen treatment. The low nitrogen 
content of electrodeposited metal favors this method 
as a means of preparing chromium for physical 
studies. 

Manuscript received Dec. 3, 1957. This paper was 
prepared for delivery before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any discussion of this paper will appear in a Dis- 


cussion Section to be published in the December 1959 
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ABSTRACT 


The effect of pressure in a consumable electrode arc furnace on the weight 
of metal melted per unit of energy dissipated was investigated while melting 
titanium electrodes of negative and positive polarity and steel electrodes of 
negative polarity. Provided that the arc length was sufficiently short, the 
weight of metal melted per unit of energy dissipated increased continuously as 
the pressure of argon was decreased from 650 to 1 « 10° mm Hg. 


Many workers (1, 2) have reported the weight of 
metal melted per unit of energy dissipated in con- 
sumable electrode arc melting, but in most cases the 
experiments were done only at a few widely sepa- 
rated pressures. Beall, et al. (3) have reported the 
effects of varying the pressure in the range 10-760 
mm Hg when melting titanium electrodes in an 
argon atmosphere. However, the present emphasis 
on vacuum arc melting has made it desirable to ex- 
tend their investigations to lower pressures. 

The paper reports the effects of varying the argon 
pressure in the range of 1 x 10° to 650 mm Hg on the 
weight of metal melted per unit of energy dissi- 
pated when melting titanium and steel in a con- 
sumable electrode arc furnace. 


Materials and Experimental Procedure 

The titanium electrodes were produced by weld- 
ing, end to end, compacts of sponge titanium (20.4 x 
5.1 x 5.1 em) each weighing 1600 g. The mild steel 
(0.1°% C) electrodes consisted of rolled bar 3.8 x 3.8 
cm in cross section. These electrodes were attached 
to a water-cooled copper electrode stub which passed 
through a sliding seal in the top of the furnace. The 
electrodes were melted into a mold 34 cm long and 
12 cm in diameter, producing ingots of 4-5 kg 
weight. 

Power for melting was supplied by three motor- 
generator welding machines connected in parallel. 
The same generator settings were used in all expe- 
riments, and the arc current and voltage were al- 
lowed to vary with the pressure. 

During melting the feed rate of the electrode was 
adjusted by the operator while observing the arc 
voltage pattern on a direct current oscilloscope and 
also the are voltage and current as indicated by con- 
ventional meters. The desirable arc length was such 
that the pattern on the oscilloscope indicated the 
presence of occasional, momentary dead shorts. It 
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was thought that these momentary dead shorts were 
due to droplets of molten metal shorting between 
the electrode and the molten pool. It was not possi- 
ble to measure such an arc length but it appeared to 
be less than 1 cm. For some melts at pressures of 25 
and 10 mm Hg, an arc length of approximately 8 cm 
was deliberately maintained; these were duplicates 
of melts made at the same pressures with a normal 
short are length. The long are length was used to 
determine what effect the presence of positionally 
unstable arcs would have on the weight of metal 
melted per unit of energy dissipated. It was possible 
to observe, through a sight glass, the presence or 
absence of positionally unstable arcs within the 
mold. 

In the pressure range 10-650 mm Hg a static at- 
mosphere of argon was used, but in the pressure 
range 10°-10 mm Hg it was necessary to remove 
gas from the system while melting to maintain a 
constant pressure. No argon was used for pressures 
less than 10° mm Hg which were obtained by con- 
tinuously evacuating the furnace so that the steady 
pressure during melting depended on the speed of 
the pumps being used and the amount of gas evolved 
from the electrode. The gas pressure was measured 
in the body of the furnace, for it has been shown (4) 
that this pressure is very close to that in the melting 
region of this type of furnace if there are no vola- 
tile materials in the electrode. There were only very 
small quantities of volatile materials in the steel 
electrodes used in these experiments, but the tita- 
nium electrodes contained such volatiles as mag- 
nesium and magnesium chloride. Thus, the pressure 
measured in the body of the furnace did not indicate 
accurately the pressure in the melting region when 
melting titanium electrodes at very low pressures. 

The energy dissipated during melting was calcu- 
lated from the arc voltage, the arc current, and the 
time of the melting operation. 
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per unit of energy dissipated when melting electrodes of 
negative polarity 


Results 

The effect of pressure on the weight of metal 
melted per unit of energy dissipated when melting 
titanium electrodes of negative polarity is shown in 
Fig. 1. As the pressure was decreased from 650 mm 
Hg to approximately 10 mm Hg the weight of metal 
melted per unit of energy dissipated increased, but 
at lower pressures the increase was less marked. As 
the pressure was decreased the are voltage decreased 
from 36 v at 650 mm Hg pressure to 28 v at pressures 
less than 5 mm Hg, and in the same pressure range 
the arc current increased from 1800 to 2200 amp. 

In the pressure range 2 x 10° to 20 mm Hg, posi- 
tionally unstable arcs were seen occasionally within 
the mold, but these were eliminated by decreasing 
the are length. Two electrodes were melted at 25 
and 10 mm Hg pressure while maintaining an arc 
length of approximately 8 cm. At a pressure of 25 
mm Hg, melting with a long arc had little effect on 
the weight of metal melted per unit of energy dissi- 
pated. At 10 mm Hg pressure, the weight of metal 
melted per unit of energy dissipated was less when 
melting with a long arc, and there was also a large 
increase in the amount of positionally unstable arcs 
within the mold. 

Figure 2 shows that the weight of metal melted 
per unit of energy dissipated increases with de- 
creasing pressure when melting titanium electrodes 
of positive polarity, but the increase is less than 
when melting titanium electrodes of negative po- 
larity (compare Fig. 1 and 2). Thus, at low pres- 
sures the weight of metal melted per unit of energy 
dissipated was higher when melting electrodes of 
negative polarity, but near atmospheric pressure the 
position was reversed. 

The effect of pressure on the weight of metal 
melted per unit of energy dissipated when melting 
steel electrodes of negative polarity is shown in Fig. 
3. The results are similar to those obtained when 
melting titanium electrodes of negative polarity. At 
all pressures the weight of steel melted per unit of 
energy dissipated was greater than that of titanium, 
but this result was not unexpected in view of the 
different heat contents of the two materials at tem- 
peratures just above their melting points. As in the 
case of titanium electrodes of negative polarity, a 
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Fig. 2. Effect of pressure on the weight of titanium melted 
per unit of energy dissipated when melting electrodes of posi- 
tive polarity. 


| 
a ~ 
a 

X10 
= 
mal | 
ARGON ATMOSPHERE, SHORT ARC 
e | © CONTINUOUS EVACUATION, SHORT ARC 
¥ © ARGON ATMOSPHERE, LONG ARC 
o¢ 

| 

PRESSURE (MM Hg) 


Fig. 3. Effect of pressure on the weight of steel melted per 
unit of energy dissipated when melting electrodes of negative 
polarity 


long are at a pressure of 8 mm Hg led to positionally 
unstable arcs and a decreased weight of steel melted 
per unit of energy dissipated. 


Discussion 

When melting titanium electrodes of negative and 
positive polarity and steel electrodes of negative po- 
larity in a consumable electrode arc furnace, the 
weight of metal melted per unit of energy dissi- 
pated increased continuously as the pressure was 
decreased. Beall, et al., (3) have reported the results 
of melting titanium electrodes in argon atmospheres 
in the pressure range of 10-760 mm Hg, and they 
found a sharp decrease in the weight of titanium 
melted per unit of energy dissipated as the pressure 
was reduced below 20 mm Hg (see Fig. 1 and 2). 
Beall, et al. suggested that this decrease was due to 
the formation of positionally unstable arcs. The pres- 
ent work confirmed that the formation of these arcs 
led to a decreased weight of metal melted per unit 
of energy dissipated but that by maintaining a suffi- 
ciently short are length these positionally unstable 
ares could be avoided. If they were avoided, then the 
weight of metal melted per unit of energy dissipated 
increased continuously as the pressure decreased. 
Beall, et al. used two horizontally opposed electrodes 
in a relatively large furnace in their experiments, 


= 

12 
10 
a 
- 
4 
dhe. 
‘ 


Vol. 106, No. 1 


and the different size and arrangement of electrodes 
used in the two sets of experiments may account for 
the different values of the weight of titanium melted 
per unit of energy dissipated that were obtained in 
the two sets of experiments near atmospheric pres- 
sure. 

Although most of the melting experiments were 
done in an argon atmosphere, no argon was used 
for the melts when the furnace was evacuated con- 
tinuously, and the pressure during melting was less 
than 1 x 10° mm Hg. Since the results obtained 
under these conditions followed the same trend as 
those obtained when melting in an argon atmos- 
phere, it appeared that at very low pressures the 
atmosphere in which melting occurred had little 
effect on the weight of metal melted per unit of 
energy dissipated. The steel electrodes contained 
very little volatile material, and the composition of 
the gas in the melting region when melting these 
electrodes under continuous evacuation differed 
greatly from the gas composition when melting tita- 
nium electrodes. These changes in the composition 
of the gas in the melting region appeared to affect 
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neither the behavior of the arc nor the weight of 
metal melted per unit of energy dissipated. 
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Tungsten Zone Melting by Electron Bombardment 
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ABSTRACT 


An apparatus for refining tungsten in vacuum by the floating zone method 
is described. It consists of four components: vacuum system, power supply, 


anode support, and traversing cathode. 


Included is a brief résumé on the 


theory of refining by this technique. Spectrographic analyses along the length 
of a purified tungsten rod indicate that molybdenum may not be removed by 
zone refining, but rather by volatilization. Further, x-ray diffraction studies 
show that tungsten rods purified in this manner are single crystals and these 
crystals as grown from the melt do not exhibit preferential growth. It is dem- 
onstrated, by bending one of the single crystals, that the purified tungsten rods 


have relatively high ductility. 


Zone melting, developed by Pfann (1), has at- 
tracted great interest as a process for the purification 
of metals. In this process a small molten zone tra- 
verses the length of a solid rod. Impurities that are 
more soluble in the liquid phase than in the solid 
phase migrate with the molten zone, leaving be- 
hind a purer metal. In the case of zone melting 
tungsten purification also occurs because of the out- 
gassing and volatilization of impurities. 

It is exceedingly difficult, if not impossible, to re- 
tain W in a molten state by conventional techniques 
without impairing its purity because of the re- 
fractory nature of this metal. Tungsten can be zone 
melted by utilizing the floating zone technique and 
heating by electron bombardment. The principle of 
this heating, simply the blasting of a material anode 
with electrons through a high potential gradient, is 
not new nor unique since it has long been used in the 
outgassing of electronic vacuum tubes and occurs in 
the operation of x-ray tubes. However, because of 


the characteristics inherent in electron bombard- 
ment heating, i.e., ability to operate at low pres- 
sures, ability to direct and concentrate the heat, ease 
of temperature control over a wide range, and rela- 
tive simplicity of the power supply, this type of 
heating is employed advantageously in laboratory 
(2-4) as well as commercial furnaces (5). 

This paper covers the design and construction of 
an Electron Bombardment Zone Melting Apparatus 
(EBZMA), includes a brief discussion on the theory 
of purification, and presents data on the removal of 
Mo and on crystal orientation. 


Electron Bombardment Zone Melting Apparatus 
The equipment consists of four components: vac- 
uum system, power supply, anode support, and tra- 
versing cathode. 
Vacuum system.—The anode and cathode are en- 
closed by a Pyrex bell jar 104% in. in diameter and 
14 in. high mounted on a brass plate (Fig. 1). There 
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are five holes in this plate: three %-in. diameter 
holes for electrical binding posts; one 2-in. diameter 
hole for the vacuum line; and one rotating “O” ring 
seal for the cathode traversing helix. 

The 2-in. vacuum line is constructed with a ver- 
tical pipe extending down to a “T” section. One leg 
of this section forms a liquid nitrogen trap; the other 
leg is connected to a MCF-60 CEC oil diffusion 
pump, which in turn is backed up by a Kinney KC-2 
mechanical pump. 

Power supply.—A small power unit supplies d.c. 
at a maximum of 5000 v and 300 ma. It consists of 
a variac that limits the 110 a-c volt power to the 
high voltage transformer. This high voltage is then 
rectified by a pair of 866 A half-wave mercury recti- 
fier tubes. The positive side of this high voltage is 
fed through the high-voltage-high-vacuum-through- 
put to the anode support. The cathode is the ground 
terminal. Figure 2 is a schematic of the power sup- 
ply. 

Anode support.—The support shown in Fig. 1 can 
accommodate rods up to ‘4 in. in diameter. The up- 
per and lower holding blocks are critical parts. They 
should possess four properties: (a) high melting 
point; (b) stable material in order that W is not 
contaminated, i.e., low vapor pressure; (c) high 
electrical conductivity; (d) low thermal conductiv- 
ity. No one material has all these properties, but be- 
cause of its superiority in the first three properties 
and its ability to be easily fabricated, Mo is used. A 
small groove in each block at the point of specimen 
contact reduces the heat transfer. 

The specimen is held in position in each of the 
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Fig. 2. Schematic drawing of the power supply 
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holders by flat tungsten strip that acts as a spring 
contact. This spring serves a dual purpose. One is to 
support the rod during the movement of the floating 
zone and the other is to allow the specimen to ex- 
pand and contract in the heating and cooling opera- 
tion. 

Traversing cathode.—The cathode is the moving 
terminal; it is composed of a filament that emits the 
electrons, a concentrator that directs the flow of the 
electrons, and a mechanism that moves the cathode 
with respect to the stationary tungsten rod. 

Traversal of the specimen occurs by the move- 
ment of a screw drive with the torque being trans- 
mitted through a rotating ““O” ring seal in the brass 
plate. The torque is supplied through a gear train by 
a 3 rpm a-c reversible motor. The output of the gear 
train varies from 0.1 to 12 rpm producing a cathode 
movement of 0.3-4 cm/min. 

The concentration of the electrons to the anode is 
an important factor. This is achieved by enclosing a 
W filament with a Mo concentrator of the same po- 
tential. To obtain more efficient concentration the 
sides of the concentrator are parabolic. The top and 
bottom are changeable disks with different diameter 
center holes, approximately % in. diameter larger 
than the specimen diameter. 

The W filament, 15 mils in diameter, is heated by 
a 110 a-c power supply as shown in Fig. 2. The fila- 
ment rheostat regulates the current flow to obtain 
sufficient emission of electrons to melt the sample, 
i.e., in the order of 200-250 ma. 


Theory 


In the zone refining process the molten zone is 
moved repeatedly in the same direction. Solute ele- 
ments that depress the melting point of the solvent 
metal concentrate in the terminal end of the rod and 
have a distribution coefficient, k, less than one. Sol- 
ute elements that increase the melting point have a 
k value greater than one and tend to concentrate at 
the starting end. The distribution coefficient is de- 
fined by the equation 

N° 
k {1] 
where N’ is mole fraction of the solute in the solid 
phase and N' is the mole fraction in the liquid phase. 

The distribution coefficient can be determined 
simply by referring to a phase diagram. From the 
Mo-W equilibrium phase diagram (6), the equilib- 
rium distribution coefficient (k,) for Mo in W is 
found to be 0.91. 

Another approach in the determination of the dis- 
tribution coefficient would be to utilize thermody- 
namics and, if the alloy forms ideal liquid and solid 
solutions, apply the well-known van’t Hoff equation 
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where T equals the temperature considered, in this 
case the melting point of W, 3680°K; Ty”"’ equals the 
melting point of Mo, 2900°K; AH,’ equals the heat 
of fusion for Mo, 6700 cal/mole; R equals gas con- 
stant. From Eq. [4] we determine that k, equals 0.78. 

As originally stated, purification of W also oc- 
curs by outgassing and the volatilization of metallic 
impurities on fusion in vacuum. In this particular 
case we will consider only the volatilizaton of Mo. 
The vapor pressure (p’Mo) for Mo at a temperature 
slightly above the melting point of W, 3800°K, equals 
3.83 mm Hg, while the vapor pressure for W, at the 
same temperature, equals 0.046 mm Hg. If the mole 
fraction of Mo (Ny,) is assumed to be 0.00002, by 
assuming ideality (ay.= Nu.) and using Raoult’s 
law (p = a-p’Mo), the vapor pressure of Mo in the 
melt is 7.7 x 10° mm Hg. This would indicate that, if 
the pressure of Mo in the environment was less than 
7.7 x 10° mm Hg, Mo would volatilize from the melt. 
The rate of evaporation can be calculated from the 
formula (9) 


m M 
— =P 
t-A 


where P is pressure (microbars); M, molecular 
weight; A, area (cm’*); t, time (sec); R, gas constant 
(8.31 x 10° erg/°K/mole); T, temperature (°K); m 
evaporation (gr), or the ratio of the evaporation 
rates can be determined from the equation 


Guo Py. My. [8 
Gy Px My 
From this equation the ratio of evaporation rate of 


Mo to W is found to be 1.21 x 10”, i.e., of the metal 
evaporated during melting, 0.121% by weight is Mo. 


Results 

Many rods have been zone melted with this ap- 
paratus; two of the zone melted rods after five 
passes are shown in Fig. 3. It was found on evalua- 
tion of the purified rods that they were high in 
purity, single crystals, and exhibited a compara- 
tively large amount of ductility. 

It is difficult to obtain quantitative data on sam- 
ples containing less than 10 ppm of an impurity. The 
initial concentration of all elements other than Mo 
were less than 10 ppm and could not be detected by 
spectrographic analysis. The initial concentration of 
Mo was estimated to be of the order of 10 ppm. To 
determine the amount of Mo present after the bar 
was traversed five times at a speed of 0.33 cm/min 
the rod was severed at intervals along its length. 
Each end of the severed section was arced against 
its adjacent section. The initial concentration in the 
rod was arbitrarily assigned the value of 10. In Fig. 
4, the relative amounts of Mo, as determined by 
quantitative optical spectrography, are _ plotted 
against the distance along the zone purified rod. 

An apparent discrepancy existed at the beginning 
and the end of the zone melted portion. According 
to the theory of zone purification, if k < 1, a zone of 
higher purity should be present at the start and a 
concentration of the impurities at the end. Because 
this did not occur, it was reasoned that either a dis- 


TUNGSTEN ZONE MELTING BY BOMBARDMENT 51 


Fig. 3. Zone melted W rods, after five zone passes 
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tribution coefficient greater than one existed, or pos- 
sibly the Mo evaporated from the zone melted 
region. 

To substantiate the absence of an increase in Mo 
concentration at the end of the rod, five separate 
analyses were obtained in this region. If a zone of 
higher Mo concentration was present, it must have 
existed in a length less than 4 mm long, and this is 
not very probable. On the basis that k, = 0.91, the 
lowest possible concentration of Mo that could exist 
after 5 passes was calculated to be 6.24, assuming 
equilibrium existed and that the original concen- 
tration of Mo = 10. Using the same assumption and 
now k, — 0.78, the lowest concentration was calcu- 
lated to be 2.89. This latter value, as can be noted in 
Fig. 4, falls in the range of the lowest concentration. 
Of course, this lowest concentration of the solute 
should have occurred at the start. More work is cur- 
rently being performed to support the validity of 
these initial results. 

To determine the orientations of the rods and to 
ascertain if the rods after zone melting were single 
crystals, six were examined by x-ray diffraction 
utilizing the transmission Laue technique, and two 
were examined metallographically. Results of x-ray 


Fig. 5. Zone melted W rod bent into a loop 
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Table |. Crystal orientation 


Angle between major plane normal and rod axis 
1 1A 


Plane ZMW-1 ZMW-2 ZMW-3 ZMW-4 
(100) 37 33 38 25 6 18 
(110) 20 14 7 21 42 32 
(111) 22 29 33 32 49 37 


orientation determination are recorded in Table I. 
These suggest that no one preferential direction of 
growth existed, Rod 1A and ZMW-1 were examined 
at several points along the length of the crystal, and 
it was determined that the orientation remained the 
same, indicating only one crystal of the same orien- 
tation existed. Metallographic observation confirmed 
these results, that the rod was a single crystal along 
its length. 

A qualitative measure of the high ductility at 
room temperature was obtained; this is shown in 
Fig. 5. Here the 's-in. zone melted tungsten rod was 
bent approximately 270° into a loop. 


Conclusions 
Single crystals of tungsten can be grown in the 
Electron Bombardment Zone Melting Apparatus. 
These crystals are greatly purified and exhibit a 
larger amount of ductility than can be obtained in 
an equivalent sized polycrystalline material. 
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ABSTRACT 


The Langmuir method has been used to determine the vapor pressure of 


niobium. An accommodation coefficient of unity was assumed. Least square 
treatment of the vapor pressure data yields the equation 


log 


172.53 keal/g atom. 


Prior to this investigation, the only data (1) avail- 
able for the computation of vapor pressures of Nb 
was the rate of sublimation from a Nb wire heated 
by the passage of an electric current. Since these 
measurements were made at only three tempera- 
tures, and since the temperature measurement de- 
pended on an accurate determination of the emis- 
sivity of the wire, it was decided to repeat these 
measurements using the method and apparatus de- 
scribed in previous publications (2). The Langmuir 
method was employed, and an accommodation co- 
efficient of unity was assumed. 


The heat of sublimation at absolute zero, \H 


(40,169) 
+ 8.872 
7 


is 171.80 + 0.49 and AH? 45 is 


Experimental 

The measurements consisted of determining the 
rate at which a Nb surface sublimed into a high 
vacuum. The sample was supplied by the Fansteel 
Corporation and was assayed at a purity of 99.9%. 
The sample was in a form of an annular ring 0.985 
in. OD, 0.374 in. ID, and 0.357 in. thick. The effec- 
tive internal area (3) of the annular ring was com- 
puted from the expression 


Eff. area = rb(\/a’ + —b) [1] 


where a is the inside diameter and b, the thickness. 


| 
| 

| 

‘ 

re 
| 5 4, 


. 106, No. 1 


90 
see 406 au ase 


10° 

Fig. 1. Plot of the logarithm of the pressure of Nb in atmos- 
pheres vs. the reciprocal of the absolute temperature. Solid 
circles represent the data of Reimann and Grant (1). 


Table |. Vapor pressure of Nb 


Temp, Weight Eff. Evap. rate, Pressure, 
*K loss, g time, min. g/cm?2/sec atm 
2304 0.00791 326.7 2.3423 x 10° 2.6311 x 10° 
2325 0.00881 274.4 3.1208 10° 3.5216 x 10° 
2358 0.01733 236.0 7.1368 x 10° 8.0977 x 10° 
2397 0.01206 105.4 1.1091 ~ 10° 1.2708 x 10° 
2404 0.02600 174.2 1.4402 x 10° 1.6526 x 10° 
2432 0.01941 97.1 1.9343 x 10° 2.2323 x 10° 
2463 0.01495 41.5 3.4881 x 10° 4.0512 « 10° 
2472 0.01134 30.8 3.5520 x 10° 4.1329 «x 10° 
2485 0.01568 30.4 4.9777 «10° 5.8069 10° 
2496 0.01735 33.6 4.9787 «x 10° 5.7032 x 10° 
2510 0.02501 42.4 5.6649 « 10° 6.6418 « 10° 
2528 0.02694 30.1 8.6111 « 10° 1.0132 «x 10° 
2545 0.02172 23.2 9.0269 x 10° 1.0657 « 10° 
2555 0.02684 21.8 1.1803 x 10” 1.3963 « 10° 
2566 0.04075 31.7 1.2338 x 10° 1.4626 « 10° 
2580 0.04827 25.0 1.8615 x 10° 2.2127 x 10° 
2596 0.04340 20.4 2.0495 x 10° 2.4438 « 10° 
Table Il. Thermodynamic functions of Nb 
(F H*») 
Temp, AH’. 
T T RinP keal 

2304 51.41 15.66 39.28 172.87 
2325 51.46 15.71 38.70 173.10 
2358 51.55 15.82 37.05 171.62 
2397 51.65 15.92 36.15 172.30 
2404 51.67 15.94 35.63 171.55 
2432 51.74 16.02 35.03 172.06 
2463 51.82 16.11 33.85 171.33 
2472 51.85 16.13 33.81 171.88 
2485 51.88 16.17 33.13 171.07 
2496 51.91 16.20 33.17 171.92 
2510 51.94 16.23 32.86 172.11 
2528 51.98 16.27 32.02 171.22 
2545 52.02 16.31 31.92 172.11 
2555 52.05 16.34 31.38 171.41 
2566 52.07 16.36 31.29 171.92 
2580 52.12 16.40 30.47 170.77 
2596 52.16 16.46 30.27 171.26 

171.80 +0.49 
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The area of the sample was also corrected for the 
thermal expansions from room temperature to the 
temperature of the measurement. The sample was 
placed in a metal cell (2) and after thorough out- 
gassing was then heated by induction under a vac- 
uum of the order of 10° mm. 

The effective time at the temperature of measure- 
ment was determined as described previously (2). 

Temperatures were measured under black body 
conditions by sighting into a hole drilled into the 
sample. A L&N disappearing filament optical pyrom- 
eter which had been calibrated by the National 
Bureau of Standards and frequently checked against 
a standard lamp furnished by the Bureau was used 
to measure the temperature. Pyrometer readings 
were reproduced to +2°. 


Results and Discussion 

Experimental results are plotted as log P,.. vs. 
1/T in Fig. 1 and summarized in Table I. Thermo- 
dynamic functions are tabulated in Table II; the 
thermal data for solid and gaseous Nb were taken 
from the compilation of Stull and Sinke (4). The 
computed value of AH”,, the heat of sublimation at 
0°K, is 171.80 +0.49 kcal/g atom. This value is to be 
compared with a AH”, value of 176.82 kcal/g atom 
computed from the vapor pressure data of Reimann 
and Grant at 2600°K. Vapor pressures in this re- 
search are higher by a factor of 2.8 than those meas- 
ured by Reimann and Grant. An error of 70° in the 
temperature scale could account for this discrepancy, 
and an error of this magnitude is quite possible 
when temperature measurements dependent on the 
emissivity of a surface are made. 

Least square treatment of the vapor pressure data 
for Nb yields the equation 


(40,169) 


10g Pain + 8.872 [2] 


These data also yield a value of AH”... ,, of 172.53 
keal/g atom. 
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The Occurrence of Impurities in Rock Salt, Solar Salt, and Purified 
Sodium Chloride 
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ABSTRACT 


Because of the known interference of certain impurities and the suspected 
effect of others in the electrolytic cell processes for the production of sodium 
and chlorine-caustic soda, the presence or absence of thirty-five elements in 
sodium chloride samples was investigated spectrographically, allowing detec- 
tion of extremely low concentrations. Results are reported for rock salt from 
four different locations, for three different solar salts, and for purified salt 


from two separate plants. 


The chlorine caustic industry has reliable in- 
formation (1-4) regarding the influence of trace 
impurities on the electrolysis of sodium chloride by 
the mercury cell process. The presence of certain 
metals (V, Mo, Cr, and Ti) in concentrations as low 
as 0.25 mg/liter of brine (equivalent to 0.8 ppm in 
dry sodium chloride) decreases cathodic current 
efficiency considerably. 

The sodium chloride brines used are derived from 
different sources and from various locations, viz., 
rock salt, brought to the surface dry; rock salt, dis- 
solved underground and pumped to the surface 
through brine wells; natural underground brines; 
solar salt; vacuum pan salt. 

Although rock salt and raw brines are usually 
purified before use, it is of considerable interest to 
know to what extent the harmful metals occur in 
the salt. Since the literature provides practically no 
information on this subject, a spectrographic inves- 
tigation of different types of sodium chloride from 
different locations was undertaken. Rock salt sam- 
ples were obtained from Louisiana, Michigan, New 
York, and the Dominican Republic; solar salt from 
California, The Great Salt Lake, and the Bahamas; 
purified vacuum pan salt from Louisiana and New 
York. 

Considerable variation exists in quantity, and 
some variation in kind, of impurities found in nat- 
ural salt deposits.Unrefined rock salt contains some 
water-insoluble matter, mostly anhydrite, plus 
traces of other minerals: dolomite, hematite, quartz, 
celestite, clay (aluminum silicate), etc. Since trace 
quantities were to be determined, an effort was 
made to determine the variance in results between 
duplicate analyses and between samples taken from 
the production line at least one week apart. The 
analyses on rock salt from New York, Michigan, and 
Louisiana were run in duplicate on two samples 
taken at different times. A single analysis of the 
purified salt was made on two samples taken several 
weeks apart. Kilogram samples were used in all 
analyses to increase precision and to compensate for 
the non-uniform distribution of impurities in the 
rock salt deposits. In no instance, where more than 


one analysis was made on salt from a given source, 
was there any wide discrepancy in results between 
the several samples. 

Solar salt may contain traces of many of the con- 
stituents of sea water, depending on the control ex- 
ercised during the evaporation and crystallization 
process. Most of the natural impurities are water- 
soluble except for mechanical contaminants such as 
clay or calcium sulfate from pan bottoms, or wind- 
blown dust. 

Purified vacuum pan salt was included to indicate, 
by difference, the extent to which trace elements are 
removed by chemical purification. 


Experimental 

A kilogram of salt was dissolved in 3500 ml! of 
distilled water, allowed to stand over night, and 
then filtered through Whatman No. 41 paper. The 
residue was washed with several portions of distilled 
water, the washes being added to the brine. The 
filter paper and insolubles were dried over night at 
110°C. The paper was separated and ashed sepa- 
rately. The residue was added to the ash and the 
total weighed as “insolubles.” This was ground in 
an agate mortar and analyzed spectrographically. 
In the case of the purified salt samples there was no 
insoluble portion. 

The trace elements in the soluble fraction were 
precipitated with H.S from slightly alkaline brine, 
using high-purity lead as a carrier. 

The filtered brine was made alkaline with 5 ml of 
C.P. NH,OH. Fifty mg of 99.99+% lead, as a lead 
nitrate solution, was added to act as “carrier.”’ The 
precipitation of the sulfides was carried out under a 
slight pressure of water-washed H.S and with stir- 
ring. A blank containing 5 ml NH,OH and 50.0 mg 
Pb was run along with the brine samples. To avoid 
colloid formation, the solution was evaporated to 
400-500 ml! before the H.S was added. 

In the analysis of the sulfides, the following metals 
were determined quantitatively with the aid of spe- 
cially prepared standards: Ni, Co, Cr, Cu, Mn, Zn, 
Fe, and V. All other analyses were made semiquan- 
titatively. 
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Table | as was the alkaline “mother liquor.” Since no in- 
formation was available on the efficiency of this 
Ele- Limit of detection (ppm) Wave length method of separation of trace elements, a separate 
ment Insol Sulfide Mother liq. A 
spectrographic analyses was also made on the fil- 
3082.1 tered mother liquor.’ 
Al 0.1 0.00025 5 3092.7 To evaluate the contribution of the water im- 
2528.5 purities to the mother liquor analysis, the alkaline 
Sb 0.1 0.00025 5 2598.0 solution, after the removal of the sulfides in the 
blank analysis, was evaporated to dryness and the 
Bi 0.02 0.00005 1 3067.7 residue analyzed spectrographically. 
Cd 0.1 0.00025 5 3261.0 All spectrographs were made using a Bausch and 
Ca 0.02 0.00005 1 4226.7 Lomb Littrow instrument. Samples were burned to 
Ce 0.02 0.00005 l 8521.1 completion using a d-c arc. Fifty mg of the “insolu- 
bles” or 100 mg of the salt obtained by evaporating 
Cu 0.01 0.000025 0.5 3273.9 the mother liquor was used for each analysis. The 
Ga 0.02 0.00005 l 2943.6 standards were prepared by adding 0.01 mg of each 
Ge 0.02 0.00005 1 3039.0 of the metals to 50.0 mg of high-purity lead and 
converting to sulfate. In each analysis of the ‘“Sul- 
Pb 0.02 0.00005 1 2833.1 fide Precipitate,” the entire precipitate was con- 
Li 0.02 0.00005 1 6707.8 verted to sulfates and burned to completion. The 
Mg 0.1 0.00025 5 2852.1 standard sulfate sample contained the equivalent of 
Mn 0.02 0.00005 1 2798.2 0.01 ppm of each of the metals based on the original 
Mo 0.1 0.00025 5 3193.9 ‘ 
Ni 0.1 0.00025 5 3414.7 sample weight of 1000 g. 
Rb 0.02 0.00005 1 7800.2 Table I gives the minimum concentration of each 
Si 0.1 0.00025 5 2881.5 element detectable by the techniques used and the 
Ag 0.01 0.000025 0.5 3280.6 wave lengths used for detection. The data give the 
Na 0.02 0.00005 1 5889.9 : 
Sr 0.02 0.00005 1 4607.3 maximum amount of each element found. 
Tl 0.1 0.00025 5 3519.2 Tables II and III give the analyses of the different 
Sn 0.02 0.00005 1 2839.9 salt samples. To conserve space the analyses of the 
Ti 0.1 0.00025 5 3078.6 sulfides and the mother liquors are combined under 
the heading of “Brines.” The alkali metals and alka- 
Zn 0.1 0.00025 5 3345.0 line earth metals were not found in the sulfide pre- 
Zr 0.1 0.00025 5 3601.2 cipitate. The only metallic impurities found in the 


The precipitate was allowed to settle over night 
and was then separated from the alkaline brine by 
centrifuging. It was washed several times with 
slightly alkaline H.S-saturated distilled water. The 
washed precipitate was then transferred to a cruci- 
ble, dried at 110°C, and analyzed spectrographically 


filtered mother liquor were Cu, Fe, and Mn. These 
were close to the limit of detection and may be due 
largely to trace impurities in the graphite electrodes. 
The values listed for these metals in the brine col- 
umn are based on analysis of the sulfides. Silicon 


' Vanadium content of Pacific Coast solar salt found spectro- 
graphically, 5 ppb; independent analysis by colorimetric method, 


7 ppb 


Table I! 

Rock salt samples ppm Element in sample 
Ele- Michigan New York Louisiana Caribbean 
ment Insoluble Brine Insoluble Brine Insoluble Brine Insoluble Brine 
Al 750 0.09 900 0.9 150 0.09 > 1000 0.9 
Ba 25 N 10 N N N 100 N 
Ca oon — — . ‘ 
Cr N 0.01 N 0.01 N < 0.005 1.8 0.06 
Co N < 0.005 N <0.005 N < 0.005 N < 0.005 
Cu 5 0.3 1 0.09 l 0.03 18 0.2 
Fe 250 0.9 1000 0.5 90 0.2 < 1000 0.08 
Pb 2 -- 0.2 2 18 
Mg 1000 500 1000 90 1000 90 1000 900 
Mn 10 0.04 100 0.03 100 1.2 180 0.1 
Ni N 0.08 N 0.01 N 0.012 1.0 0.03 
K 200 9000 1000 5000 100 9000 180 9000 
Si 1000 > 1000 200 1900 _ 
Ag N <0.005 N 0.005 0.2 0.09 N 0.09 
Na 100 200 1000 - 180 
Sr 1000 9000 200 900 100 900 100 900 
Sn N N N N N N 0.2 0.09 
Ti 10 < 0.005 200 <0.00 2 0.005 180 0.09 
V N <0.005 10 0.005 N 0.005 N 0.09 
Zn N 0.20 2 0.34 N 0.05 N 0.2 
Zi N N 2 N N N 1.8 N 
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Ele- Purified salt Caribbean 
ment New York Louisiana Insoluble Brine 


Table III 


ppm Element in sample 


Ss 


Al 0.09 0.05 18 0.9 
Ba N N 1 N 
Ca 90 90 
Cr < 0.005 < 0.005 N 0.02 
Co < 0,005 <0.005 N <0.005 
Cu 0.57 0.04 0.2 0.2 
Fe 0.25 0.20 18 0.3 
Pb — 0.1 
Mg 9 9 on 900 
Mn 0.002 0.009 0.2 0.003 
Ni 0.04 0.005 N 0.01 
K 90 90 1.8 9000 
Si — — — 
Ag 0.009 0.009 N 0.09 
Na one 18 one 
Sr 9 N 18 900 
: Sn N N 1.8 0.09 
Ti 0.09 0.009 0.2 0.09 
V <0.005 0.008 N 0.06 
Zn <0.01 <0.01 N 0.07 
Zr N N N N 


was estimated only in the insoluble portion. Suffi- 
cient silicon can be extracted from laboratory glass- 
ware to show up in the spectra of the sulfides and 
mother liquors. 

Where semi-quantitative analyses were made, the 
higher value of the range is listed. The symbol “‘N” 
in the tables indicates that the element was not de- 
tected, and (-) indicates that the concentration was 
not estimated. All values are corrected for the con- 
centrations found in the blanks. An element listed 
in Table I, but not in the other tables, indicates that 
the element was not detected in either the insoluble 
or soluble portion. 


reaction mechanisms. 


Various investigators (1-5) have demonstrated the 
reversibility of the oxygen-peroxide couple on ac- 
tive carbon electrodes in alkaline solution in the ab- 


' Present address: N.A.S.A. Laboratory, Cleveland, Ohio. 
* Present address: National Carbon Co., Cleveland, Ohio 


p 


56 JOURNAL OF THE ELECTROCHEMICAL SOCIETY January 1959 


olar salt 


Great Salt Lake Pacific Coast 


Insoluble Brine Insoluble Brine 


15 0.009 >15 0.09 


0.9 N 0.9 N 
15 — <15 
0.05 <0.005 0.09 <0.005 
N <0.005 N <0.005 
0.9 0.008 0.5 0.1 
<15 0.01 >15 0.08 
0.5 — 0.05 — 
>15 900 >15 900 
0.9 <0.005 0.9 0.01 
0.05 <0.005 0.09 0.009 
0.9 5000 0.9 5000 
>15 <15 
N 0.009 N 0.009 
>15 <15 one 
0.05 50 0.09 500 
0.005 N 0.009 0.009 
<15 N <15 N 
N <0.005 N 0.005 
N <0.005 N 0.01 
0.09 N 0.09 N 


Manuscript received April 2, 1958. This paper was 
repared for delivery before the New York Meeting, 


April 27-May 1, 1958. 


Any discussion of this paper will appear in a Dis- 


cussion Section to be published in the December 1959 
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The Oxygen Electrode 


Myron O. Davies,' Milton Clark,’ Ernest Yeager, and Frank Hovorka 


Department of Chemistry, Western Reserve University, Cleveland, Ohio 


ABSTRACT 


Isotopic techniques involving O"” have been used to study the cathodic and 
anodic properties of the oxygen-peroxide couple on partially hydrophobic, 
active carbon electrodes in alkaline solution. The isotopic analyses have been 
carried out with an analytical mass spectrometer. For the cathodic reaction, 
tracer and equilibration experiments prove that all of the peroxide oxygen 
originates from gaseous oxygen and that the O-O bond is not actually broken 
in the formation of the peroxide. Tracer experiments also indicate that the 
oxygen gas liberated during the anodic oxidation of the HO. ion contains only 
peroxide oxygen. These results are interpreted in terms of various possible 
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|. Isotopic Investigation of Electrode Mechanisms 


sence of a polarizing current. The over-all electrode 


reaction in alkaline solution may be represented as 


follows: 
O, + H,O + 2e = OH + HO, 
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Cathodic (5,6) as well as anodic (7) polarization 
measurements’ at Western Reserve University have 
indicated that the activation polarization associated 
with the oxygen-peroxide couple on active carbon 
in alkaline solution is generally small even at ap- 
parent current densities as high as 500 ma/cm’*. Con- 
centration polarization involving the perhydroxide 
ion and molecular oxygen transport are the pre- 
dominant sources of polarization under these condi- 
tions. As a result, polarization measurements have 
yielded only limited information concerning the 
electrode mechanisms associated with the oxygen- 
peroxide couple. 

The following questions have been raised concern- 
ing the cathodic reaction: 

(A) Does all of the peroxide oxygen originate 
from molecular oxygen? (B) Is the oxygen-oxygen 
bond actually broken in the formation of the per- 
oxide? Similar questions have been proposed for the 
reverse anodic reaction. On a theoretical basis, the 
answer to the first question should be positive and 
to the second question negative, but no one had ever 
proved it conclusively. 

The present experiments involving isotopic tech- 
niques represent an attempt to provide a definite 
proof. While tracer experiments involving O” can be 
used to answer the first question, equilibration ex- 
periments are necessary to answer the second ques- 
tion. All of the isotopic experiments described in 
this paper have been carried out under substantially 
reversible electrochemical conditions. 


Experimental Procedures 

Isotopic concentrations in non-equilibrated oxygen 
gas.—lIn terms of the isotopes 16 and 18, oxygen gas 
contains the three molecular species O'-O", O”-O", 
and O”-O". The O”’-enriched gas available for these 
experiments is approximately 1.4% O*” on an atomic 
basis. The concentration of O”-O" is twice the O” 
concentration because there are two chances for the 
inclusion of an O” atom in a given molecule (see 
Table I). The concentration of O'-O", however, is 
approximately the square of the O” concentration 
since the probability of two simultaneous, substan- 
tially independent events is involved. The latter is 
true only if the gas is completely equilibrated. Con- 
sider the results of diluting this O'-enriched gas 
sample with oxygen gas containing no O” in a 1:1 
ratio. Table I indicates the concentrations for the 
case of nonequilibration and equilibration. For the 
former, the concentration of the species O'-O” is 
reduced by a factor of two, whereas in the latter case 
the concentration is reduced fourfold. 

In the present research, various experiments have 
been performed in which nonequilibrated oxygen 


®* These polarization studies will be the subject of later papers in 
this series. 


Table |. Effects of dilution on isotopic concentrations 


1. Original sample 1.4 2.8 0.02 
2. Diluted sample (1:1) 

a. Equilibrated 0.7 1.4 0.005 

b. Nonequilibrated 0.7 1.4 0.01 
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gas is converted to hydrogen peroxide. The peroxide 
is then oxidized to yield oxygen gas which is sub- 
sequently examined with a mass spectrometer to 
see if it has been equilibrated. From this information 
it is possible to establish whether the oxygen bond 
has been broken during any step. 

Preparation of O'-enriched gas.—The oxygen gas 
used in the isotope experiments was prepared by the 
electrolysis of O'-enriched water (1.4% H,O").' 
Sufficient H.SO, was added to provide an approxi- 
mately 1M solution. The electrolysis was carried out 
in an H-cell between smooth platinum electrodes. The 
oxygen gas was collected by means of an automatic 
system and stored as a liquid at liquid nitrogen tem- 
peratures for subsequent use. 

Electrolytic cells —Two cells of different design 
were required for the cathodic and anodic experi- 
ments. Figure 1 shows the cell used for the cathodic 
experiments. The cathode consisted of a porous 
graphite plug with a layer of active carbon approxi- 
mately 1 mm thick on the surface exposed to the 
electrolyte. The apparent area of the cathode was 
approximately 3 cm*. The oxygen gas was intro- 
duced through the rear side through inlet F. The side 
arm E, which was submerged in the water within a 
test tube, served as a pressure control by venting 
excess gas. The anode consisted of a 1-cm’ piece of 
smooth platinum, which was enclosed in a separate 
compartment with a small hole connecting to the 
main cathode compartment. This arrangement re- 
duced greatly the rate at which the peroxide gen- 
erated at the cathode diffused to the anode where it 
would be oxidized. Oxygen liberated at the anode 
did not diffuse to the cathode in any appreciable 
amounts. 

The active carbon layer on the cathode must serve 
the dual purpose of providing sites for the electro- 
chemical reduction as well as a means by which 
molecular oxygen is readily transported to these 
sites. The effective transport of oxygen in the elec- 
trode structure has been shown (5,6) to require a 


‘ Obtained from the Stuart Oxygen Co. of California. 
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microporous structure containing no solution. For 
these reasons, the active carbon electrode must be 
partially hydrophobic to prevent the penetration of 
the solution into the porous structure. While active 
carbon itself is somewhat hydrophobic to alkaline 
solutions, additional waterproofing is obtained 
through the use of a material such as polyethylene, 
paraffin, or gum rubber, which also functions as a 
binder. In the present work, the active carbon layer 
was applied to the graphite plug by a technique 
similar to that used by Ber] (1). A benzene suspen- 
sion of active carbon containing gum rubber (5% by 
weight of carbon) was sprayed with a small atom- 
izer onto the porous graphite plug. The graphite plug 
was warmed with an infrared lamp both before and 
after spraying and suction applied on the rear sur- 
face of the plug to expedite the rapid and complete 
removal of the benzene from the active carbon layer. 
Nuchar C 115° was chosen as the active carbon be- 
cause cathodes prepared from this carbon have low 
polarization and do not decompose hydrogen per- 
oxide very readily. 

The cell used for the anodic experiments is shown 
in Fig. 2. The anode, A, consisted of a smooth plati- 
num electrode with an area of approximately 3 cm’. 
This platinum electrode was corrugated so that it 
would fit under the hood, B, and then was sprayed 
on both sides with active carbon by a procedure 
similar to that used for the preparation of the cath- 
odes in Fig. 1. A small piece of platinum foil, C, lo- 
cated outside of the hood served as the cathode. The 
oxygen gas resulting from the anodic oxidation of 
the hydrogen peroxide in the solution was collected 
in the tube, E. 

Cathode measurements.—Two types of cathodic 
experiments were carried out with the cell in Fig. 1. 
In one, ordinary oxygen (Linde) was used in con- 
junction with an enriched 1M KOH solution, pre- 
pared by dissolving analytical grade KOH in O”-en- 
riched water. In the second, the electrolytic solution 
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was unenriched, but a 1:1 mixture of enriched oxy- 
gen and ordinary oxygen gas was fed to the cathode. 
No hydrogen peroxide was added to the electrolyte 
in the cathodic experiments. 

In the experiment using the enriched oxygen mix- 
ture, the 1:1 mixture of enriched and unenriched 
oxygen was prepared by condensing an equal vol- 
ume of Linde tank oxygen (U.S.P.) into the same 
tube in which the electrolytically produced, O'-en- 
riched oxygen had been collected. The two gases 
were mixed by distilling them over into another 
tube which was kept in a Dewar of liquid nitrogen 
until used in the electrochemical experiment. The 
outlet of this tube was connected to inlet F of the 
cathodic cell, the stopcock opened, and the Dewar 
lowered just enough to allow the oxygen to boil at 
such a rate that a steady stream of bubbles came 
from the outlet tube immersed in test tube E. For 
the majority of the experiments using only unen- 
riched oxygen, the oxygen tank was connected di- 
rectly to inlet F and the appropriate rate of flow ob- 
tained by means of the needle valve of the tank 
regulator. 

After the oxygen flow had been adjusted, approxi- 
mately 10 ml of electrolyte was added to the cell and 
the current turned on. Reduction was continued for 
15 min after which the sample was quickly trans- 
ferred to the peroxide decomposing system to be de- 
scribed shortly. Although it is possible for O” to 
exchange between HO, and H.O, it has been shown 
(as will be described later) that no significant ex- 
change occurs within 30 min. In all experiments this 
was the maximum time allowed to elapse from the 
beginning of the experiment until the solution was 
frozen in the peroxide decomposing system. 

Anodic measurements.—The electrolyte consisted 
of 5M KOH prepared with O”-enriched water to 
which sufficient 90° unstabilized H.O., was added to 
yield a solution of approximately 0.9M with respect 
to peroxide. A volume of 25 ml of solution was re- 
quired to fill the cell in Fig. 2. The solution was 
sucked up within the cell as far as stopcock 1. This 
stopcock was then closed and tube E was evacuated 
through outlet D, after which stopcock 2 was closed. 
The current was then turned on. 

All of the oxygen liberated from the anode, as 
well as some oxygen resulting from the decomposi- 
tion of hydrogen peroxide, was collected in the upper 
part of the tube above the hood below stopcock 1. 
Hydrogen from the cathode escaped into the atmos- 
phere. From time to time oxygen which had col- 
lected in the upper part of the hood tube was ad- 
mitted to the evacuated collecting tube E by opening 
stopcock 1. Care was taken to allow as little elec- 
trolyte as possible to be sucked into the upper tube. 
When sufficient oxygen gas had been obtained for 
the pressure in tube E to be 1 atm, the current was 
turned off. The total length of time from the intro- 
duction of the peroxide to the electrolyte until the 
end of the electrolysis was not more than 30 min. 

After the completion of the electrolysis, the oxy- 
gen gas in tube E was passed through a dry ice- 
methanol trap to remove moisture and transferred 
to a storage bulb for subsequent mass spectrometer 
analysis. 
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Table Il. Results of isotopic experiments 


Conditions % 


A. Adsorption of enriched, nonequilibrated oxygen on active carbon 
at liquid nitrogen temperature, followed by desorption. 


1. Experimental 1.54 0.012 


Expected if equilibration occurred 1.58 0.0062 
Expected if no equilibration occurred 1.58 0.012 
2. Experimental 1.50 0.0096 
Expected if equilibration occurred 1.48 0.0055 
Expected if no equilibration occurred 1.48 0.0086 


B. Unenriched hydrogen peroxide in alkaline solution with enriched 
water for 30 min. 


Experimental 0.41 0.0008 
Expected if no exchange 0.40 0.0004 
Expected if complete exchange 2.8 0.020 


C. Peroxide formed cathodically at an active carbon electrode in 


basic solution, using enriched, nonequilibrated oxygen and un- 
enriched water. 


1. Experimental 1.27 0.0078 
Expected if the oxygen in the 
peroxide came from the water only 0.40 0.0004 
Expected if the oxygen in the 
peroxide came from the oxygen 
gas only 
With equilibration 1.24 0.0038 
With no equilibration 1.24 0.0067 
2. Experimental 1.37 0.0086 
Expected if the oxygen in the 
peroxide came from the water only 0.40 0.0004 
Expected if the oxgen in the 
peroxide came from the oxygen 
gas only 
With equilibration 1.41 0.0050 
With no equilibration 1.41 0.0083 


D. Peroxide formed cathodically at an active carbon electrode in 
basic solution, using tank oxygen and enriched water. 


; 1. Experimental 0.45 0.0023 
; Expected if the oxygen in the 
; peroxide came from the water only 2.80 0.020 
Expected if the oxygen in the 
peroxide came from the oxygen 
gas only 0.43 0.0026 
2. Experimental 0.45 0.0021 
: Expected if the oxygen in the 
y peroxide came from the water only 2.80 0.020 
r Expected if the oxygen in the 
; peroxide came from the oxygen 
gas only 0.41 0.0022 
3. Experimental 0.42 0.0029 
Expected if the oxygen in the 
peroxide came from the water only 2.80 0.020 
Expected if the oxygen in the 
peroxide came from the oxygen 
gas only 0.41 0.0021 


E. Peroxide formed cathodically at an active carbon electrode in 
basic solution using enriched water and unenriched oxygen gas 
prepared by partial evaporation of liquefied tank gas. 

1. Experimental 0.42 0.00088 
Expected if the oxygen in the 
peroxide came from the water only 2.80 0.020 
Expected if the oxygen in the 
peroxide came from the oxygen 
gas only 
2. Experimental 
Expected if the oxygen in the 
peroxide came from the water only 2.80 0.020 
Expected if the oxygen in the 
peroxide came from the oxygen 
gas only 


0.40 0.00089 
0.43 0.00094 


0.40 0.00089 


F. Oxygen gas formed anodicalily at an active carbon electrode in 
basic solution containing unenriched hydrogen peroxide. 


1. Experimental (with unenriched 


water) 0.39 0.00076 
2. Experimental (with enriched water) 0.38 0.0014 
Expected if the oxygen came 
= from the water 2.80 0.020 
ke Expected if the oxygen came 
from the peroxide 0.39 0.00076 
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Analytical procedures.—The hydrogen peroxide 
samples were decomposed with ceric sulfate as an 
oxidant in order to recover the peroxide oxygen for 
mass spectrometer analysis. Cahill and Taube (8) 
have shown that oxidation with this reagent liber- 
ates oxygen exclusively from the peroxide without 
exchange with oxygen of the water. These workers 
also believed that the rupture of the oxygen-oxygen 
bond does not occur in the oxidation of hydrogen 
peroxide with this reagent. The present experimental 
work verifies this conclusion. 

Prior to the oxidation with ceric sulfate, the hy- 
drogen peroxide solutions as well as the ceric sul- 
fate-sulfuric acid solutions were degassed’ to remove 
any dissolved molecular oxygen. The oxygen gas 
from the oxidation of the hydrogen peroxide was 
dried by means of a dry ice-methanol trap and then 
stored in a glass bulb for subsequent isotopic analysis. 

A Consolidated Engineering analytical mass spec- 
trometer (modified type 21-101) was used for all 
the isotopic analyses. This instrument was equipped 
with a nonmagnetic stainless steel analyzer tube in 
which the ionization zone was thermostated to 250° 
+0.3°C. The surface of the tungsten filament within 
the analyzer tube was kept well carbided to mini- 
mize the attack of the filament by the oxygen gas. 
The mass spectrum for each sample was scanned 
from mass number 26 to 42 in order to include the 
peaks for nitrogen and argon, if present, as well as 
the various isotopic O, peaks. It was necessary to 
scan this range twice for each sample, once at high 
amplifier sensitivity and once at low amplifier sensi- 
tivity, because the high sensitivities required to give 
measurable 36 peaks (O"-O") gave 32 peaks (O”- 
O") which were too large to record. Mass 34 peaks 
(O"-O") were measurable at both sensitivities. 

The calculations of the relative isotopic concen- 
trations are based on the assumption that the iso- 
topic concentrations are directly proportional to the 
peak heights minus the background peak heights on 
the records from the mass spectrometer with the 
same proportionality constant for all three mass 
numbers: 32, 34, and 36. This assumption is justi- 
fied only if the accelerating voltages used in the 
mass spectrometer are approximately the same for 
the various mass numbers. Such was the case in the 
present work. Corrections were made for nonlinear- 
ity in the recording system. An additional correction 
was necessary for the 36 peaks corresponding to 
O”-O". Argon occurs as an impurity in oxygen gas 
prepared by liquefaction of air to the extent of 
about 0.5°. Evidence of this situation is readily ap- 
parent from the relatively prominent mass number 
40 peaks in the mass spectra. Since argon has an iso- 
tope of mass 36, it has been necessary to apply a cor- 
rection for this isotope. The ratio of the 36 to 40 
peaks for argon is 0.31 to 99.68 in argon in the air 
(10). This ratio was assumed to apply to the argon 
in the oxygen gas as an approximation, although the 
actual ratio is probably higher because of the frac- 
tional distillation involved in the preparation of oxy- 
gen gas from air. The height of the 40 peak multi- 
plied by 0.003 was subtracted from the 36 peak. 


*For details concerning the procedure used for the recovery of 
the peroxide oxygen, see Ref. (9). 
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Experimental Results 
Preliminary Experiments 


Several preliminary experiments were carried out 
to become familiar with the techniques as well as to 
check certain aspects of the electrochemical experi- 
ments which might prove troublesome. The first ex- 
periment involved the adsorption of nonequilibrated 
oxygen gas on an active carbon sample (Nuchar 
C115) from which physically adsorbed gas had been 
removed previously. After 45 min at liquid nitrogen 
temperatures, the gas was desorbed by warming the 
sample of carbon to room temperature. The amount 
of gas adsorbed at the liquid nitrogen temperatures 
was just slightly less than that corresponding to a 
monolayer coverage as determined by earlier sur- 
face area measurements. The data in part A of Table 
II indicate that no equilibration occurred within the 
limits ef reproducibility of the experiment. Since 
this experiment was for the most part at liquid ni- 
trogen temperatures, the results do not imply that 
equilibration does not take place at room tempera- 
tures to some extent. Reproducibility generally was 
limited by contaminants in the oxygen gas, and to a 
lesser extent, background associated with the mass 
spectrometer. 

The second preliminary experiment involved a 
check to see if appreciable exchange between oxy- 
gen in the water and oxygen in the peroxide occurs 
in alkaline solution during the time periods required 
for the electrochemical experiments. If such an ex- 
change had occurred to any significant extent, the 
electrochemical experiments would have been in- 
validated. Sufficient 90° unenriched, nonstabilized 
hydrogen peroxide was added to a 1.4M KOH solu- 
tion containing enriched water (approximately 1.4% 
O”) to yield approximately 0.4M H.O. solution. 
After 30 min the H.O, was decomposed by the pro- 
cedure described previously. The results are given 
in part B of Table II and indicate no exchange of 
peroxide oxygen and water oxygen within the limits 
of reproducibility during a period of 30 min. This 
was the maximum length of time during which H,O, 
and H.O were in contact in alkaline solution in the 
subsequent electrochemical experiments. 


Electrochemical Experiments 

In parts C to E of Table II are summarized the re- 
sults of the cathodic experiments with O”-enriched 
gas and water. In part F the results for the anodic 
experiments with O'-enriched water are given. 

All of the expected values for the O"-O” percent- 
ages in Table II are based on the original concentra- 
tion of this species in the oxygen gas or the water 
involved in the experiment, as the case may be. In 
parts A and C the expected non-equilibration values 
for O"-O" are the same as for the original nonequili- 
brated enriched gas, while the expected equilibra- 
tion values for O"-O" are calculated from the con- 
centration of O"-O" in the original oxygen gas. The 
expected values for the concentration of O”-O”" in 
parts D, E, and F of the table are based on the origi- 
nal oxygen gas used in the experiment or calculated 
on the basis of the atomic per cent O” in the water, 
depending on which prediction is involved. In the 
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predictions based on the O” content of the original 
water used in preparing the solution, no correction 
was made for the small dilution effect of the base 
on the O” content of the resulting solution. 

Examination of the data revealed one fact which 
required further investigation. Unenriched oxgyen 
should contain only 0.0004% of O”-O". Experi- 
mental values were consistently higher than this, as 
is evident in part D of Table II. If the unenriched 
oxygen gas was first liquefied and a fraction distilled 
off, the results were found to be closer to the ex- 
pected values. An unenriched oxygen sample thus 
treated gave results of 0.40% for O”-O" and 0.0009% 
for O”-O”. 

The remaining discrepancy of approximately two- 
fold between the calculated value of 0.0004% for 
O”-O”" and the measured value of 0.0009% for 
O”-O” is not surprising because these values are 
near the limit of sensitivity of the mass spectrom- 
eter and because relatively large background cor- 
rections are involved. The analyses of oxygen ob- 
tained from H.O, produced cathodically from unen- 
riched oxygen gas which had been fractionally dis- 
tilled in the above manner also gave lower results 
for O"-O". The data for two such experiments in 
1M KOH with enriched water are given in part E of 
Table II. The agreement is considerably better than 
in part D. The nature of the impurity in the unen- 
riched Linde U.S.P. oxygen which caused the dis- 
crepancies is not known, but apparently it is carried 
through the entire experimental procedure when 
the oxygen is not first distilled. 


Conclusions 


The data in parts C to F of Table II support the 
following conclusions concerning the oxygen-per- 
oxide couple on active carbon in alkaline solution: 

1. In the reduction of oxygen gas to hydrogen 
peroxide, all of the peroxide oxygen originates from 
the molecular oxygen. The reverse is also true for 
the anodic oxidation of peroxide to oxygen gas. 

2. In the cathodic formation of hydrogen per- 
oxide, the O-O bond is modified in type but not ac- 
tually broken. In addition it is evident that the O-O 
bond is not broken in the oxidation of hydrogen 
peroxide with ceric sulfate in acid solution. 

The following are three possible mechanisms for 
the oxygen cathode on carbon in alkaline solution: 


Mechanism 1 


H.O + e> H (ads) + OH [la] 
O, (gas) > O, (ads) [1b] 
O, (ads) + H (ads) ~ HO. (ads) [1c] 
HO. (ads) + e> HO, [1d] 
Mechanism 2 
H.O + e> H (ads) + OH [2a] 
O, (gas) > O, (ads) [2b] 
O, (ads) + H (ads) > HO, (ads) [2c] 
HO, (ads) + H (ads) ~ H,.O. [2d] 
OH + H.O,~> H,O + O.H [2e] 
Mechanism 3 
O. (gas) > O, (ads) [3a] 


O, (ads) + H.O + 2e> HO. + OH [3b] 
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where step [3b] is intended to represent the direct 
electrochemical reduction of O, (ads) to HO, with- 
out intermediate reactions involving adsorbed hy- 


drogen. Step [3b] may proceed by several steps: for 
example, 


O. (ads) + H.O + e > HO, (ads) + OH 
HO, (ads) + e > HO. 


The authors favor mechanism 3, but the first two 
mechanisms involving chemi-adsorbed hydrogen 
cannot be discarded on the basis of information 
available at present. 

It is not possible to distinguish between these 
mechanisms on the basis of the present isotope ex- 
periments. Mechanisms 1 and 2 may be considered 
as corresponding to hydrogen electrodes with the 
surface concentration of adsorbed hydrogen de- 
pressed by the reactions with adsorbed oxygen. 

In later papers in this series, an attempt will be 
made to elucidate further the electrode mechanism 
in terms of cathodic and anodic polarization meas- 
urements for the oxygen-peroxide couple. In addi- 
tion, fractionation experiments involving the oxy- 
gen-peroxide couple are planned.’ 
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Magnesium-Bismuth Oxide Dry Cells 


C. K. Morehouse and R. Glicksman 


RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 


The oxides of mercury, thallium, and lead have 
been studied extensively as cathode materials for 
electrochemical cells. Mercuric oxide and lead di- 
oxide are of practical significance, finding use as 
cathode materials in the zinc-mercuric oxide dry 
cell (1,2) and the lead-acid storage cell (3, 4). 
Thallium(III) oxide (5), despite its desirable elec- 
trochemical properties, has not proved of practical 
value probably because of its high cost and two step 
voltage-time discharge curve during current flow 
(6). Bismuth oxide, the next oxide in this series, 
also has some attractive physical and chemical prop- 
erties for use as a cathode material in electrochem- 
ical cells. For example, it has a low solubility in 
neutral solutions, is stable over a wide temperature 
range, and has a flat voltage-time discharge curve 
during current flow (6). Although bismuth oxide 
has a considerably lower reversible electrode poten- 
tial than manganese dioxide and mercuric oxide 


cathode materials used at present in commercial dry 
cells, it does have greater theoretical ampere-minute 
capacity per unit of weight (20.7 amp-min/g) and 
volume (176 amp-min/cc) than these materials. Us- 
ing the half-cell technique for evaluating cathode 
materials (7), it has been found that a bismuth 
oxide electrode operates at a potential (vs. hydro- 
gen) of —0.30 to —0.40 v over a wide range of cur- 
rent densities and at an electrode efficiency in exeess 
of 90% when discharged at a constant current drain 
of 0.005 amp/g in an aqueous solution of magnesium 
bromide (250 g/l MgBr.-6H.O). 

Heil (13) describes a cell containing a mixture of 
bismuth oxide and manganese dioxide coupled with 
a zine anode, while Edison (14-17) refers to the use 
of bismuth oxide in a nickel-iron storage cell, claim- 
ing that the addition of bismuth oxide to the elec- 
trodes results in improved performance. However, 
no practical dry cells containing this material have 
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been reported, probably because of the low resultant 
voltage obtained when coupling this cathode with a 
zine anode. 

In this paper the construction and performance 
characteristics of magnesium-bismuth oxide dry 
cells are described. 

Experimental 

Magnesium-bismuth oxide dry cells were as- 
sembled, using an impact extruded magnesium AA- 
size (height 1.82 in., OD 0.521 in., ID 0.441 in.) can, 
composed of AZ10A Dow Chemical Company alloy. 
The magnesium cans were lined with a piece of 
Nibroc salt-free paper (2% x 2% x 0.002 in. thick), 
and an extruded slug of cathode mix inserted in the 
lined can and consolidated. A carbon rod (height 
1.787 in., diameter 0.159 in.) containing a brass cap 
was then inserted in the center of the cathode mix 
and the cells sealed with a rosin base wax seal in the 
conventional manner. Each cell contained approxi- 
mately 10 g of cathode mix of the following formu- 
lation: 

% by weight 


Bismuth oxide 54.7 
Shawinigan acetylene black 6.8 
Barium chromate 1.9 
Electrolyte (an aqueous solution 36.6 


of 500 g/1 MgBr.-6H.O and 
1.0 g/l Li-CrO,-2H.O) 


The open-circuit voltage of the bismuth oxide dry 
cells ranges between 1.60 and 1.65 v, the high voltage 
being due either to adsorbed air in the cathode mix 
or to the small amount of chromate which is added 
to inhibit the corrosion of the magnesium anode. 
When current is withdrawn from the cells, the volt- 
age drops to a low value followed by a gradual in- 
crease to its operating voltage level. After the initial 
voltage drop, the cells have a flat voltage discharge 
curve operating slightly above 1.00 v for most of 
their useful discharge life as illustrated in Fig. 1. 
The initial voltage drop, which is believed to be due 
to changes which occur at the bismuth oxide elec- 
trode, is more noticeable at the high current drains 
and is different from that experienced with other 
magnesium dry cells. 

Performance data in terms of hours of continuous 
service to a 0.90 v end voltage vs. load resistance are 
presented in Fig. 2. Also included are watt-minute 
capacity per unit of weight and volume data plotted 
against average continuous power output in milli- 
watts. 

A favorable shelf life for the magnesium-bismuth 
dry cell is indicated by the fact that AA-size dry 
cells have given 75-80% of initial capacity as meas- 
ured on 50- and 150-ohm continuous discharge tests 
to a 0.90 v end voltage after storage for 18 and 24 
months at 70°F, 50% R. H. 

The magnesium-bismuth oxide dry cells described 
in this paper have a flatter voltage-discharge curve 
and give more hours of service on continuous tests 
to end voltages of 1.00 v and lower than both the 
zinc-manganese dioxide Leclanché and magnesium- 
manganese dioxide (18) dry cells. At the present 
state of the development the technical difficulties 
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Fig. 2. Capacity data for AA-size magnesium-bismuth 
oxide cells in (a) hours of service to a 0.90 v end voltage vs. 
load resistance (b) watt-minutes per unit of volume and 
weight vs. average power output (capacity and average power 
computed to 0.90 v end voltages from continuous discharge 
data). 


associated with these new cells are: (a) “delayed 
action,” (b) high internal impedance, and (c) loss 
in capacity on light intermittent tests. These diffi- 
culties are believed to be associated with the magne- 
sium electrode and can be solved with further re- 
search and development. It should be recognized, 
however, that bismuth oxide is inherently more ex- 
pensive than manganese dioxide and, even if the 
technical problems can be overcome, these magne- 
sium-bismuth oxide dry cells probably would find 
only limited application. 
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Corrosion Product and Inhibitor Films on Aluminum 


H. W. McCune 


Miami Valley Laboratories, The Procter & Gamble Company, Cincinnati, Ohio 


Effect of Inhibitors on Triphosphate Sorption 

When aluminum corrodes in an alkaline sodium 
triphosphate solution, phosphate is incorporated into 
the surface oxide film on the metal (1). Corrosion 
in such sequestering solutions is more rapid than in 
most other alkaline solutions at the same pH, per- 
haps because a complex of Al(III) and sequestrant 
forms in the oxide surface at the solution-solid in- 
terface and plays an important role. Sodium silicate, 
potassium permanganate, and sodium chromate have 
been suggested as inhibitors for Al exposed to alka- 
line solutions (2). Sodium silicate has been sug- 
gested specifically for sodium pyrophosphate and 
sodium triphosphate solutions and has found wide 
application as an inhibitor in household detergent 
mixtures containing polyphosphates (3,4). A com- 
parison of the character of the corrosion product film 
with the inhibitor films was thought to bear on the 
mechanism of corrosion by sequestering agents and 
on the inhibition of such corrosion. The effect in- 
hibitors have on the amount of triphosphate appear- 
ing on the surface of Al exposed to inhibited solu- 
tions of sodium triphosphate was first determined. 

In Table I, the entries under ‘‘Na,P,O,, deposited”’ 
were calculated from the phosphorus-32 activity 
sorbed on the Al specimens which were exposed to 
uninhibited and inhibited radioactive sodium tri- 
phosphate solutions. Triphosphate ion is probably 
the chief phosphate species sorbed. Hydrolysis in 
the bulk test solution is negligible, so only if a sur- 
face-catalyzed hydrolysis takes place would much 
lower phosphate be sorbed. The sorbed phosphate 
will be spoken of as “triphosphate,” recognizing that 
its identity has not been proven. The specimens were 


Table |. Effect of inhibitors on triphosphate sorption 


(0.02% inhibitor, 0.18% NasP;*Ov, 3.0 hr, 60°C, pH 9.5, 
6.9 ml solution/cm* 3003 Al) 


NasPs:0w Weight loss Total 
deposited, in HNOs, weight loss, 
Inhibitor mg/cm? mg/cm? mg/cm? 
None 0.017 0.05 0.59 
SiO. (sod. silicate) 0.000 0.00 0.01 
KMnO, 0.003 0.03 0.06* 
K.CrO, 0.024 0.07 0.39 


* Weight gain. 


weighed before and after exposure under stagnant 
conditions and after a standard dip in concentrated 
HNO, (5). Determination of the weight loss in HNO, 
is usually a rough measure of corrosion products. 
The “Total weight loss” of Table I is the sum of 
weight lost during exposure and during the HNO, 
dip. The metal was prepared as was described pre- 
viously (1). The reported weight loss data were 
determined using 7.62 x 1.90 cm specimens. In the 
tracer determination of phosphate deposition, 1.90 x 
1.90 cm specimens were used for convenience in 
counting. The sensitivity of the radiochemical de- 
termination was 0.001 mg/cm’ and the precision was 
+0.001 mg/cm* (95% confidence level). 

When sodium silicate was present at inhibitory 
concentrations, triphosphate was prevented from de- 
positing in the film. Potassium permanganate almost 
eliminated phosphate deposition and formed a highly 
effective inhibitory coating. The film was highly 
colored, indicating that permanganate had been in- 
cluded in it. Potassium chromate increased the 
amount of phosphate deposited and had a slight in- 
hibitory effect. The concentrated HNO, removed all 
of the radioactive phosphorus in these experiments 
except in the permanganate experiment, where it 
removed none. In the permanganate experiment de- 
termination of weight loss in HNO, obviously does 
not represent all of the corrosion products. The ad- 
sorbed triphosphate was roughly one-third of the 
total corrosion product in the uninhibited test and in 
the potassium chromate test. Not enough silica or 
corrosion product to be weighed was deposited with 
the silicate inhibitor in these experiments. 

The attack of uninhibited alkaline triphosphate 
solutions on Al might be by way of the complexing 
of aluminum ions in solution, or by the formation of 
surface complexes with the oxide film, which is sug- 
gested by the incorporation of triphosphate into the 
film. The fact that the effective corrosion inhibitors, 
silicate and permanganate, largely prevent the in- 
corporation of phosphate in the film and a poor in- 
hibitor, chromate, does not prevent incorporation of 
triphosphate adds some support to the suggested 
role of the surface complex in increasing corrosion. 


Sorption of Silicate 
It has been reported that the hydrous metal oxide 
corrosion product plays an essential part by inter- 
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acting with silicate ions or silica to attach the pro- 
tective film to the metal; chemical analysis, micro- 
scopic examination, and x-ray diffraction indicate 
that the film is mostly amorphous silica (6). The 
report that the siliceous film cannot continue to 
grow on itself (7) is a further indication of the im- 
portance of the metal oxide. Examination of the 
sorption of silicate on Al might indicate whether an 
inhibitory concentration is sufficient to cover the 
metal surface. 

A sorption isotherm was determined using granu- 
lar Al, reported to contain 1% or less impurity, 
which was given a wash with very dilute alkali 
followed by three washes with distilled water, a 
rinse in ethanol, and air drying. The 200-270 mesh 
fraction was taken, and the average particle size 
with respect to surface was determined microscopi- 
cally. The specific surface was calculated to be 7.9 x 
10° cm*/g. Sodium silicate solutions were made from 
filtered stock solution and analyzed for silica col- 
orimetrically before and after shaking with the 
metal for 0.5 and 1.5 hr; there was no difference in 
the results obtained at these two times. The weight 
of the sorbate was calculated as SiO. from the de- 
crease in solution concentration. The error intro- 
duced by loss of solvent to sorbent is estimated to be 
negligible compared to the variability of the data. 
If the weight of water sorbed is equal to the weight 
of the siliceous aluminum oxide film (see below), the 
volume of the solution would be changed less than 
1‘,. Sodium triphosphate was absent in these ex- 
periments, but this appears to be justified by the ab- 
sence of triphosphate from the inhibitory film 
formed when both silicate and triphosphate were in 
the solution. 

The results in Fig. 1 show that at 60°C sorption on 
Al from a sodium silicate solution is essentially com- 
plete at about 0.45 mg SiO, per g of Al. From the 
specific surface of the Al granules used, this is 5.7 x 
10° mg/cm’. If it is assumed that the true area was 
determined microscopically and that SiO. molecules 
with an area of 12.3 sq A are sorbed (8), calculation 
indicates a coverage of 0.7. However, these are not 
very good assumptions, and whether less than a 
monolayer, a monolayer, or a few monolayers satu- 
rate the surface is unimportant for understanding 
corrosion inhibition in this case. The equilibrium 
concentration of SiO, corresponding to saturation of 
the surface is 150-250 mg/100 ml, which is an order 
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Fig. |. Sorption isotherm of silica on Al at 60°C 
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of magnitude greater than the concentration of about 
10-20 mg/100 ml which inhibits corrosion at the 
same temperature (4) (Table I). Apparently sili- 
cate by itself does not cover the metal but cooper- 
ates with the hydrous aluminum oxide to form the 
protective film. 


Hypotheses advanced to explain how Si is built 
into the surface film on protected metals involve in- 
teraction of some combination of ions of the metal 
or the hydrous metal oxide with silicate ions or 
“silica micelles” (6). It is not possible to progress 
much further by examining the existence of pos- 
sible reactants under pertinent conditions. The pos- 
sibility of reaction of free aluminum ions can be 
dismissed in favor of aluminum ions bonded with 
water, hydroxide ions, and oxide ions and forming a 
continuous hydrous oxide film covering the metal 
surface. A reasonable picture of the reaction might 
be hydrous aluminum oxide reacting with mono- 
meric or low molecular weight silicic acid, perhaps 
slightly ionized, depending on the pH (9), to pro- 
duce an aluminum silicate. The aluminum ion is 
small enough to replace Si to some extent, adopting 
a coordination number of four toward oxygen, as 
half of the aluminum ions do in sillimanite, Al.SiO., 
and as is common in other aluminosilicates (10). 
Aluminum is corroded much more rapidly by unin- 
hibited triphosphate solutions and is protected much 
more effectively from sodium triphosphate solutions 
at low concentrations of silicates than is Zn, Ni, Ag, 
brass (4), Cu, or Pb. The decreased effectiveness of 
the inhibitor may be because the ions of these metals 
and alloys are larger than the aluminum ions and 
are not incorporated easily into metallosilicate 
structures. 


Characterization of Isolated Films 


Surface films were collected by exposing 50 to 150 
dm* of Al foil (1100 purity, 0.0002 in. thick), then 
dissolving the metal in 5% bromine in methanol. The 
remaining solid film was filtered off on sintered 
glass, washed with methanol, and dried at 80°C be- 
fore weighing. An exposure of 3 hr in 0.18% sodium 
triphosphate solution at 60°C gave 0.04 mgiof corro- 
sion products film per cm’. This weight agreed fairly 
well with the weight loss in HNO, (Table I). It was 
found by chemical analysis that a similar film con- 
tained phosphorus equivalent to 0.016 mg Na;P,O,, 
per cm’ (1) which agrees well with the value in 
Table I determined by the use of P-32. Evidently the 
Al.O, film contains a substantial fraction of phos- 
phate. The triphosphate solution with sodium sili- 
cate equivalent to 0.02% silica added and also ad- 
justed to pH 9.5, gave a film weighing 0.0013 mg/cm* 
under the same conditions. A correction of 0.0008 
mg/cm’ for the insoluble material in the clean, un- 
treated foil must be subtracted from the weights 
collected. Clearly the inhibitory film is very thin, a 
few tens of angstroms thick. X-ray diffraction in- 
dicated that the insoluble material from the foil it- 
self contained crystplline Si and a little Cu; after 
ignition, a pattern for a crystalline aluminum sili- 
cate was obtained, indicating the presence of Al 
from the air-formed film initially present on the foil. 
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Fig. 2. Electron micrographs of Al surfaces: A, polished 
and etched; B, after exposure to 0.18% NasPsOw, 0.02% 
SiO., 3 hr, 60°C, pH 9.5; C, same as B without the SiO.; D, 
same as C after corrosion products were removed in con- 
centrated HNO,. 


Neither sample of film from treated foils gave crys- 
talline x-ray diffraction lines other than those of Si 
and Cu, with CuK radiation. 


Electron Microscopy of the Surface 

Portions of the 3003 sheet Al were electropolished 
in an aqueous solution of methanol and perchloric 
acid. The samples were then lightly etched in a 
methanol solution of bromine for 15-30 sec, washed, 
and exposed to the corrosive conditions of interest. 
After removal of the metal from the test solutions, 
liquid was blown off with an air jet. Chromium rep- 
licas about 150A thick were prepared by oblique 
evaporation and freed by dissolving the aluminum 
in bromine-methanol. To demonstrate that the re- 
sults were not affected by the method of sample 
preparation, additional samples were prepared by 
polishing with an abrasive and etching with a dilute 
HNO,-HF-HCl1 solution. Similar electron micro- 
graphs were obtained, but electropolishing followed 
by bromine-methanol etch gave more nearly repro- 
ducible surfaces and more sharply defined etch pits. 

Sheet Al is polycrystalline, but the electron micro- 
graphs shown include portions of only one or a few 
crystallites. Electropolishing gave a smooth, abra- 
sive-free surface like the background of Fig. 2A. 
The samples were all etched in bromine-methanol 
to remove, by dissolving the metal, any film left by 
polishing and to give a texture to the surface which 
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might permit observation of surface films. Rectangu- 
lar etch pits developed and, from their orientation, 
show that Fig. 2A includes parts of two crystallites. 
In electron micrographs of samples exposed to tri- 
phosphate solutions inhibited with sodium silicate 
there was no evidence of a continuous film covering 
the surface and obscuring the edges of the pits (Fig. 
2B). Evidently the siliceous film is textureless, and 
probably it is very thin. The white, irregular un- 
shadowed particles prominent in Fig. 2B and 2D are 
absent in many other micrographs of similar sub- 
jects; hence it is concluded that they are accidental 
contamination. The set of micrographs shown in Fig. 
2 was chosen from the sets available as the most in- 
formative over-all despite the contamination. In a 
majority of micrographs, the rectangular pits appear 
larger in samples exposed to inhibited triphosphate 
solution than in the etched blanks, but this does not 
necessarily represent a real difference. When the in- 
hibitor was omitted, corrosion product was built up, 
and the metal was attacked within the crystallites 
(Fig. 2C). A dip in concentrated HNO, removed the 
corrosion products and revealed that corrosion gave 
rise to shallow circular pits (Fig. 2D). 
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D. A. Vermilyea 


Additives and Grain Refinement 


Research Laboratory, General Electric Company, Schenectady, New York 


Most commercial plating baths contain some addi- 
tion agent which is added to produce a desirable 
structure in the deposits. These addition agents are 
usually high molecular weight organic compounds 
or colloids, small ions or molecules being generally 
not very effective (1). The purpose of this note is to 
suggest a mechanism by which such addition agents 
may modify the crystal structure of electrodeposits. 
Silver will be used as an example. 

It has often been observed (2-4) that the deposi- 
tion of Ag from a AgNO, solution containing high 
molecular weight organic compounds may result in 
the formation of filaments or “whiskers” of Ag. 
Whiskers of Cu have also been reported (5,6). A 
theory to account for such growth has been given by 
Price, Vermilyea, and Webb (7). According to the 
theory, organic molecules adsorb on the crystal and 
interfere with the motion of lattice steps over the 
surface. When the concentration of molecules ad- 
sorbed on the surface is above a critical value de- 
pending on the overvoltage, step motion is com- 
pletely blocked and no further growth of the crystal 
occurs. On the other hand, molecules adsorbed on a 
rapidly growing surface are thought to be incorpo- 
rated into the crystal as lattice steps move around 
and past them. According to this picture, therefore, 
molecules adsorbed on the surface interfere with 
growth; they may be removed from the surface by 
incorporation into the crystal. If the crystal grows 
rapidly enough, the surface will be kept clean be- 
cause adsorbed molecules are buried as fast as they 
reach the surface by diffusion. At slower growth 
rates adsorbate reaches the surface faster than it can 
be buried; the surface becomes severely contami- 
nated, and growth stops. 

A major prediction of the theory of Price, Vermil- 
yea, and Webb (7) is that there is a critical current 
density for the continued growth of a metal crystal 
in a solution containing large, strongly adsorbed 
molecules. At the critical current density there is a 
balance between the rate of diffusion of molecules 
to the surface and the rate of incorporation into the 
crystal. The equation for the critical current density 
for a spherical crystal of a given metal for a given 
metal ion concentration and temperature is 


I, const ) [1] 


is the concentration of adsorbate in the 
solution, and r is the radius of the crystal. Equation 
[1] is valid for crystals with radii less than about 
10 ». Typical critical current densities observed from 
whisker growth experiments range from 0.1-10 amp/ 
cm’; somewhat larger values may be expected with 
the larger additive concentrations used commer- 
cially. 


where C 


Now consider the electrodeposition of a metal 
from a solution containing some substance, either 
organic compound or colloidal material, which is 
strongly adsorbed on the electrode surface. Before 
the application of current, the electrode will be 
completely contaminated. When a current is passed 
through the cell the electrode potential will rise 
until deposition begins to occur on the most active 
sites of the electrode. Crystals would probably start 
growing at many points on the surface. The over- 
voltage required to start the deposition would be 
large because of the initial contamination of the 
electrode, and the crystals once nucleated would 
grow very rapidly. Consequently, there would be a 
rapid and considerable concentration polarization in 
the vicinity of each growing crystal. 

Now consider just one of the many small growing 
crystals. Around the crystal there will be a hemi- 
spherical diffusion field, and if the crystal is small 
(< 10,4 diam) the gradient at the crystal surface will 
be proportional to the concentration difference be- 
tween the bulk of the solution and the surface of the 
crystal and to the reciprocal of the crystal radius. As 
the crystal grows a larger concentration difference 
is required to maintain the same concentration gra- 
dient at the surface. When the concentration of 
metal ions at the surface has become essentially zero 
it will no longer be possible to maintain the same 
gradient at the crystal surface, and further growth 
of the crystal will result in a rapid decrease in the 
current density. 

It is clear, therefore, that eventually it will not be 
possible to maintain the critical current density of 
Eq. [1], and that the crystal surfaces will become 
contaminated and stop growing. 

On the electrode as a whole, crystals will con- 
tinually nucleate, grow, reach a limiting size, be- 
come contaminated, and stop growing. It is unlikely 
that a new crystal will nucleate near or on one 
which has just stopped growing because the solution 
in that area is depleted of metal ions. The tendency 
of new crystals to start as far as possible from ones 
which just stopped will insure a uniform coverage 
of the electrode. 

It is possible to estimate the size of the crystals 
which result from such a process. The current 
density at a growing crystal is given by 


dc 
dr 


where I! is the current density, z the ionic charge, F 
the Faraday constant, D the diffusion coefficient, and 
dC/dr the concentration gradient at the crystal sur- 
face. For a small hemispherical crystal dC/dr~AC/r, 
and hence with AC,,,.=10"* mole/cc, 
Tinie 10°/r. Hence, if the critical current density is 


I= zFD 


[2] 
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10 amp/cm* the maximum particle size is about ly, 
a reasonable size for a fine-grained deposit. 

This simple picture accounts for the very fine 
grain size produced by additives and for the uni- 
formity of the deposit. It also accounts for the fact 
that the addition agents which are effective in alter- 
ing the structure of the deposit are invariably in- 
corporated into the deposit in rather large quantities 
(of the order of a percent) (8). It also accounts for 
the absence of specificity reported by Fischer (9): 
since almost the only requirements for effectiveness 
are that the units of the additive be large and 
strongly adsorbed, it is apparent that many sub- 
stances can accomplish about the same result. 
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Measurement of Carbon-Metal Contact Resistances 


H. L. Foltz and M. R. Hertz 


Technical Division, Goodyear Atomic Corporation, Portsmouth, Ohio 


The use of large quantities of elemental fluorine 
in AEC gaseous diffusion plants has led to numerous 
research projects concerning materials suitable for 
use in fluorine generators. The cell being used at 
present to generate fluorine consists basically of a 
Monel shell and head assembly from which wire 
mesh diaphrams, steel cathode, and carbon anode 
subassemblies are suspended. 

One of the major causes of low power efficiency 
and early cell failure has been the electrical deteri- 
oration of the carbon anode-metal connection in the 
anode subassemblies. Since an initially high contact 
resistance would be conducive to heating of the car- 
bon anode-bus-bar joint with further corrosion of 
the contact areas, still higher resistance, and so on, 
work has been completed to determine the relation 
between contact pressure and contact resistance for 
various carbon-metal joints. From this work it has 
been determined that of five metals tested, copper 
and beryllium copper give the lowest contact resist- 
ance, followed by phosphor bronze, magnesium, and 
steel. 


Bus BAR | 


Fig. 1. Anode clamping assembly 


Measurements of anode-bar contact resistance as 
a function of torque did not give consistent results, 
possibly because of pressure plate warping or a non- 
linear increase in thread friction as torque was in- 
creased. 

As shown in Fig. 1, the carbon anodes are clamped 
between the bus bar and pressure plates by four 34- 
in. steel cap screws per anode. The contact areas of 
the anodes are specified to be ground smooth and 
parallel. Original cell assembly specifications called 
for the cap screws to be torqued to 85 ft lb, which is 
approximately equivalent to 1400 psi pressure on 
the anode contact area, the exact pressure being a 
function of the condition of the threads and their 
lubrication. 

In Fig. 2 the test set-up used is shown. A carbon 
sample block was compressed between the two metal 
contact plates by means of a hand operated hydrau- 
lic press; the force was applied through a Baldwin 
SR-4, Type U-1 load cell, which was coupled to a 
type M strain indicator. Precautions were taken to 
make sure that the load was applied to the specimen 
on the vertical axis. The load cell-indicator combi- 
nation was checked against an Olson testing 
machine and was found to have an accuracy of + 14°; 
of full range (5000 lb). One metal contact plate was 
insulated from the press so that resistance measure- 
ments could be made between the two plates. 

For resistance measurement current and potential 
leads, attached to the contact plates, were connected 
to a Biddle Model 713 “Ductor” Low Resistance 
Ohmmeter. This instrument operates on a somewhat 
similar principle to that of a Kelvin bridge, except 
that it incorporates a special highly sensitive 
D’Arsonval-type meter with both a current and a 
voltage coil to replace the bridge circuit. Thus, in- 
creased current tends to decrease the reading, while 
increased voltage increases the reading. The meter 
has a basic 0 to 100 micro-ohm range with five 
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Fig. 2. Compressing carbon block samples between metal 
contact plates 


decade multiplying ranges giving an over-all range 
of 0-1 ohm with an accuracy of 1% of full scale for 
any range. This permits an error approaching 10% 
at certain readings. 

Carbon sample blocks, 1 in.’ in cross section and 
approximately 2 in. high, were cut from the contact 
area of anodes so that the original surface was re- 
tained for the contact pressure vs. resistance mea- 
surements. For steel contacts, sections were cut from 
actual steel pressure plates, while for other metal 
contacts various metal stock was used, finished with 
a series of grades of emery paper of increasing 
fineness 

The actual resistance reading was that for two 
l-in. carbon-metal contact areas and of a 2-in. length 
of carbon 1 in.’ in cross section, all in series. Contact 
resistance per square inch of area is then: 


R = (R, — R.)/2 


where R, is the resistance measured on the meter 
and R. is the specific resistance of the carbon in 
ohms per cubic inch. Since the potential leads were 
attached directly to the contact plates, the resistance 
of the metal plates themselves could be disre- 
garded. This was checked by pressing the two plates 
together while resistance was measured. The resist- 
ance was found to be negligible even though an 
added metal-metal contact was involved. 

The specific resistance of National Carbon Com- 
pany Type YBD carbon, which is not graphite, as 
given by the manufacturer, is 1550 » ohms/in.*. This 
value was obtained by measuring the resistance of a 
large number of full size anodes lengthwise, using 
a Kelvin bridge. When this figure was used for the 
specific resistance of carbon in preliminary tests, the 
results were somewhat variable from sample to 
sample. However, when resistance vs. pressure 
curves were run several times on the same carbon 
sample block, there was little variation. 
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Variation could be attributed either to differences 
in the condition of the carbon contact surfaces from 
sample to sample, or to differences between the spe- 
cific resistance of the carbon in the various samples. 
Since the anodes are formed by extrusion in a 
lengthwise direction, there should be some difference 
in carbon density in various locations in the anode, 
and some pore orientation should occur in the length- 
wise direction. This in turn could be expected to 
result in a lower specific resistance of carbon length- 
wise than across the anodes, the latter applying to 
this experiment. In addition, the National Carbon 
Company has measured air permeabilities twice as 
great in the lengthwise as in the transverse direction. 
Twenty-eight blocks, nominally 1 x 1 x 2 in., were 
cut from each of two anode blades, half lengthwise, 
as National Carbon measured resistance, and half 
transversely, the ends being the normal contact area. 
They were each placed in the press between pres- 
sure plates in the normal manner and resistance 
measured between two scribe marks, 1 in. apart. 
Exact dimensions were measured with a micrometer 
calipers. Values for transverse specific resistance 
varied from 1600 to 2100 » ohms/in.* with an aver- 
age of 1810 » ohms/in.’. Standard deviation was ap- 
proximately 100 » ohms/in.*. With samples cut in 
the lengthwise direction, variation was similar but 
the average value of specific resistance was 1190 y» 
ohms/in.*. This was somewhat lower than that ob- 
tained by National Carbon Company. In view of the 
large variation between samples, the specific resist- 
ance was measured for each block and this value 
used in calculating contact resistance. 

Several samples were loaded over a range of pres- 
sures from 600 to 5000 psi. Pressure was increased 
by 400-lb increments up to 5000 lb and then de- 
creased by the same increments back to 600 lb, 5000 
psi approaches the compressive strength of carbon 
and should be avoided for design purposes. The plots 
of contact resistance vs. pressure were found to ap- 
proximate straight lines on a log-log graph, although 
the slopes were slightly smaller for the unloading 
curves. These plots are shown in Fig. 3. 


+ > 
4 
+ 
hook 
z 
a 
STEEL 
1,000 
Z 900 MAGNESIUM 
800) 4 
PHOSPHOR 
BRONZE 
coprer ano 7 
BERYLLIUM COPPER 
500) ew 
+ + +— +-+ +—+—_4 
400 + Sate 
+—+— ++ +-+_+_ 
300 
1000 2000 3000 $000 7000 _ 10,000 


PRESSURE, psi 


Fig. 3. Contact resistance as a function of pressure 
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It can be seen that, while the steel-carbon contact 
resistance decreases rapidly when pressure increases, 
it never approaches the copper-carbon contact re- 
sistance and is greater than the contact resistance of 
any of the other metals tested. 

It has been proposed that the measured contact 
resistance in newly assembled cells might give some 
indication of the expected performance of the cell. 
Since humidity of the anode storage and assembly 
environment is one factor that is not controlled, a 
test was made to determine the contact resistance- 
pressure function of anode material which had been 
oven dried as compared to that which had been 
stored for some time in an atmosphere at 100% 
humidity. Some samples were dried for 165 hr at 
210°C, while others were stored for 96 hr in a 
desiccator containing a wet sponge. When tested 
with both copper and steel no significant difference 
in contact resistance was found between dried sam- 
ples, those which were in equilibrium with the labo- 
ratory atmosphere, and those stored at 100% 
humidity. 

In the cell, the carbon metal contact is exposed to 
a mixture of fluorine and hydrogen fluoride gases, as 
well as to the liquid electrolyte which may enter the 
joint through capillary action in the somewhat 
porous carbon anode. 

With the experimental set-up used it was im- 
possible to expose the contact to a fluorine atmos- 
phere while under pressure. The metal plates, how- 
ever, were fluorinated for 48 hr with 100°. fluorine 
at 100°C. The metal plates were then removed and 
contact resistance against carbon determined as be- 
fore. Care was exercised that the fluorinated layer 
was undisturbed. Results are shown in Table I. 

The increase in contact resistance was negligible 
for beryllium-copper, a factor of approximately 
three for copper and magnesium, and a factor of 
five for phosphor-bronze. Contact resistance for 
steel could not be measured with the normal equip- 
ment and was found to be greater than 20 megohms 


CARBON-METAL CONTACT RESISTANCES 


Table |. Contact resistance-pressure values for 
carbon-fluorinated metal 


Pressure Steel Contact resistance in micro-ohms /in.? 
psi megohms Mg Phosphor-Bronze Cu Be-Cu 
1000 >20 3560 4830 2330 900 
1800 >20 2440 3170 1610 683 
3000 >20 1760 2260 1140 575 
5000 >20 1230 1600 858 517 


when measured with a conventional ohmmeter. It 
must be noted that the fluorination was done with 
dry fluorine which contained no hydrogen fluoride. 
Fluorination in a cell might not affect the micro- 
areas of the metal actually in contact with carbon. 
However, the extreme insulating value of the fluo- 
ride layer on steel indicates that this metal is of 
doubtful value as a contact material in a fluorine cell. 

The resistance-pressure relationship for any metal 
has the general equation: 


R 


where R is contact resistance, a, a constant, P, pres- 
sure, and m, slope of log-log plot. Both a and m are 
different for each metal. 

From the results it is apparent that the largest 
unit pressure possible, applied uniformly over the 
contact surfaces, results in the lowest contact resist- 
ance. The use of copper alloys and magnesium result 
in lower contact resistance than does the use of steel. 
Copper contact plates have been used for at least 
fifteen years and the tests confirm the suitability. 
Steel appears to be of doubtful value in this 
application. 


Manuscript received May 16, 1958. The work on this 
paper was performed under Contract AT-(33-2)-1 
with the U. S. Atomic Energy Commission. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1959 
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Technical Review 


Electrodeposition of Powders for Powder Metallurgy 


C. L. Mantell 


Department of Chemical Engineering, Newark College of Engineering, Newark, New Jersey 


ABSTRACT 


A very large number of articles are made by powder metallurgical methods 


from electrolytically reduced powders. 


In powder production, cathede cur- 


rent densities are much higher than those of refining; loosely adherent deposits 


are produced 
screening 
zine, some alloys, as well as duplexes 


Metal deposited at the cathode varies widely in 
its characteristics, depending on the electrolyte itself, 
the ions present, and operating conditions. Silver 
deposited from a solution of AgNO, forms large, 
readily visible crystals. Tin from a solution of SnCl 
will form long needles which may rapidly “bridge” 
from the anode to the cathode. Lead from a chloride 
or acetate solution gives crystals different from those 
from a chlorate or perchlorate electrolyte. Nickel 
deposits from a sulfate bath are hard and may be 
polished but not ease, while nickel from a 
halene sulfonate gives bright deposits needing 
if anv polishing 

ng. efficiency of utilization of electrical en- 
rv to quality. High current and en- 
iciencies may be sacrificed without upsetting 


mics of the operation. Particularly where 


nical processes compete, powel! 


These are dried, surface oxides removed, and classified by 
Important electrolytic powders are those of copper, iron, nickel, 
Operating details are reviewed. 


Group II. Part of the initial nuclei or crystals 
continue to grow. These are (A) conical (“nor- 
mal”) or (B) twinned. 

Group III. The nuclei or crystals do not grow 
for any extended period. Their shapes are (A) 
broken (compact), or (B) arboreal, sometimes 
called “fernlike” (“treed”), or (C) powdery 
(spongy). and (D) slimelike. 


If any addition which would increase the cathode 
polarization be made to the solution, the number of 
crystal nuclei increases. The current densities may 
be increased, and the effective metal ion might be 
decreased in the film or thin laver of solution ad- 
jacent to the cathode by (a) diluting the solution: 
(b) decreasing the temperature, which in turn re- 
duces diffusion and convection: jing a salt 
having an ion common with those already present: 


(dad) introducing a colloid: increasing the viscos- 
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Table |. Direction of effects on structure of deposits 


Change in 


Change in operating condition structure group* 


Increase metal salt concentration 
Increase metal ion concentration lll- Il I 
Agitate solution I 
Elevate temperature I 
Increase conductivity of solution 
Add colloids to solution I> Il Ill 
Increase viscosity of solution I~ Il Ill 
Increase current density I~ ll- Ill 


* Groups as described above in the text. 


temperature are in opposite directions. Therefore, it 
is possible to obtain fine-grained deposits in warm 
solutions at a high current density. Addition of col- 
loids in more than small amounts, increase of viscos- 
ity, and increase in current density tend in the di- 
rection of broken crystals, arboreal, or powdery 
electrolytic precipitates. 

Deposited metal powders are represented by the 
Group III type of crystals. They are “poor” electro- 
plates. Powder production is favored by low metal 
concentration, low metal ion concentration, unagi- 
tated solutions, low temperaiures, solutions of low 
conductivity, addition of colloids, increases in viscos- 
ity, and marked increases in current density. The 
effect of each variable is not of the same order of 
magnitude; the effects are cumulative and interde- 
pendent; changes in concentration may be of greater 
importance than variation of temperature; vigorous 
agitation may offset the effect of increase of current 
density. 

Electrolytic powders of commercial importance 
are of two varieties. Loose crystals may be formed 
in the cells as nonadherent powders, or the powder 
may result from grinding relatively hard, brittle, 
partially coherent deposits. Examples of the first 
class are Cu, Zn, Ni, Ag, and Pb; of the second Fe 
and Mn. These will be briefly described from the 
viewpoint of their production. While electrolytic Zn, 
Ni, and Pb powders are interesting, they are com- 
mercially unimportant in that powders of these met- 
als are the result of other methods; industrially only 
electrolytic Cu, Fe, and Mn command markets. Silver 
crystals are the conventional result of electrolytic 
refining. Disintegration converts them to a powder. 

The powders all command “shape”? premiums in 
price over ingot metal or cathode chip of the same 
purity. 

In practice, cathode current densities are higher 
than those of refining, so that loosely adherent spongy 
deposits which are periodically removed by scraping 
or tapping devices or by electrolyte circulation may 
be produced. In the case of Cu powder, acid electro- 
lytes of lower metal and higher acid concentration 
than those used for refining or plating are preferred. 
When operated at high cathode density and with 
hydrogen evolution, the finely divided metal crystals 
often have a fernlike appearance under the micro- 
scope. It is necessary to remove the cathode fre- 
quently; otherwise the effective area of the deposit 
is increased to such an extent that the current den- 
sity is lowered and coarse deposits formed. 
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The fineness of the powder may be varied over a 
considerable range by changes in the composition, 
temperature of the electrolyte, and variation of the 
cathode current density, as well as by the intro- 
duction of addition agents, reducing compounds, or 
substances which are cathodically reduced and 
anodically oxidized but are not plated out. Cathode 
current densities are different from those at the 
anode, usually higher. The deposited powders are 
washed, dried in inert or reducing atmospheres, and 
cooled to room temperature. 


Copper 

French electrolytic copper powders were produced 
through the addition of colloidal materials, such as 
H.SO,-treated glucose, for example, to the electro- 
lyte (1). The colloid was thought to make possible 
the production of extremely fine powders with the 
elimination of hydrogen evolution at the cathode 
and higher current efficiencies. American production 
of copper powder made the material in modified re- 
fining tanks from selected regular anodes and smooth 
copper cathodes. 

Large quantities of industrial Cu powders are 
electrolytic. They are made by electrodeposition us- 
ing a soluble anode and a nonattackable cathode. The 
electrolytic step transforms solid Cu into discrete, 
finely divided particles of controlled and reproduci- 
ble characteristics. Since high purity is essential, the 
anodes are electrolytically refined Cu. Large-scale 
attempts to use anodes of lower purity so that re- 
fining and powder formation could be combined have 
been commercial failures because of the wide vari- 
ations in the characteristics of the end product. In- 
soluble anodes have been investigated, but have not 
proved commercially feasible for the production of 
high-grade Cu powders. 

The cathodes are lead alloy sheet. Silicon-iron, 
briquetted iron oxide, various stainless steels, mag- 
netite, and graphite, have not been satisfactory. 

The electrodes are arranged in parallel in lead- 
lined or rubber-lined tanks, and are frequently in- 
spected as in refinery practice for irregularities to 
insure uniform current density and elimination of 
short circuits in the cells. 

In contrast to the copper refining practice, elec- 
trolysis is carried out at current densities from 5 to 
10 times higher, at lower temperatures and low con- 
centrations, and low circulation. By control at vari- 
ous levels, marketable copper powder is produced 
varving from 1.5 to 3.5 g/cm’ in apparent density 
and from 30 to 98° minus 325-mesh in particle size. 
The widely differing demands of powder metallurgy 
make this necessary. 

Copper deposits as discrete particles at the cath- 
ode and is collected at the bottom of the cell, or as a 
loosely adherent deposit which may be lifted from 
the cell and washed off the cathodes. Periodically the 
sludge is removed, filtered, and washed free of elec- 
trolyte. The large surface area and activity of wet 
Cu powder make thorough washing and immediate 
drying essential to avoid oxidation of the Cu par- 
ticles. 

The powder is dried in controlled-atmosphere, 
continuous furnaces. Reducing conditions are main- 
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Electrodeposition of Powders for Powder Metallurgy 
C. L. Mantell 


Department of Chemical Engineering, Newark College of Engineering, Newark, New Jersey 


ABSTRACT 


A very large number of articles are made by powder metallurgical methods 
In powder production, cathode cur- 


rent densities are much higher than those of refining; loosely adherent deposits 
are produced. These are dried, surface oxides removed, and classified by 
screening. Important electrolytic powders are those of copper, iron, nickel, 


Metal deposited at the cathode varies widely in 
its characteristics, depending on the electrolyte itself, 
the ions present, and operating conditions. Silver 
deposited from a solution of AgNO, forms large, 
readily visible crystals. Tin from a solution of SnCl, 
will form long needles which may rapidly “bridge” 
from the anode to the cathode. Lead from a chloride 
or acetate solution gives crystals different from those 
from a chlorate or perchlorate electrolyte. Nickel 
deposits from a sulfate bath are hard and may be 
polished but not with ease, while nickel from a 
naphthalene sulfonate gives bright deposits needing 
little if any polishing. 

In plating, efficiency of utilization of electrical en- 
ergy is secondary to quality. High current and en- 
ergy efficiencies may be sacrificed without upsetting 
the economics of the operation. Particularly where 
thermal or chemical processes compete, power cost 
in refining is a major item; maximum current and 
energy efficiencies are vital. In electroforming, of 
which metal powder production is a form, conditions 
approach refining to a far greater degree than plating, 
as the procedures compete with thermal and me- 
chanical disintegration procedures. 

The nature of the electrolyte, its pH, metallic ion 
concentration, anodic and cathodic current density, 
temperature, the simplicity or complexity of the me- 
tallic ion including its primary and secondary ioniza- 
tion, as well as the presence of modifying or “addi- 
tion” agents, have effects on the character of the de- 
posit. 

The crystalline structures of cathode deposits may 
be classified as follows: 


Group I. The initial nuclei or crystals continue 
to grow throughout the deposit forming (A) iso- 
lated crystals: which are (a) symmetrical or (b) 
acicular; or giving rise to (B) contiguous crys- 
tals: which may be (a) columnar or (b) fibrous. 


zine, some alloys, as well as duplexes. Operating details are reviewed. 


Group II. Part of the initial nuclei or crystals 
continue to grow. These are (A) conical (“nor- 
mal”) or (B) twinned. 

Group III. The nuclei or crystals do not grow 
for any extended period. Their shapes are (A) 
broken (compact), or (B) arboreal, sometimes 
called “fernlike” (“treed”), or (C) powdery 
(spongy), and (D) slimelike. 


If any addition which would increase the cathode 
polarization be made to the solution, the number of 
crystal nuclei increases. The current densities may 
be increased, and the effective metal ion might be 
decreased in the film or thin layer of solution ad- 
jacent to the cathode by (a) diluting the solution; 
(b) decreasing the temperature, which in turn re- 
duces diffusion and convection; (c) adding a salt 
having an ion common with those already present; 
(d) introducing a colloid; (e) increasing the viscos- 
ity of the solution; and (f) causing the formation of 
complex ions. These factors increase the difference 
in cathode potential, the number of crystal nuclei, 
and the production of fine-grained deposits. 

Dissociation, ionic migration, diffusion, and con- 
vection, particularly at the surface of the cathode, 
replenish the metal ion concentration. Growth of 
existing crystals may be favored by acceleration of 
these factors. The tendency of metals such as silver 
and lead, when deposited from nitrate solutions, to 
form isolated crystals is partly the result of the rela- 
tively large change in density of the solution pro- 
duced by the removal of the metal. The effects of 
various factors upon the structure of deposits are 
summarized in Table I. 

Decreasing the metal ion concentration decreases 
the size of the crystals. Fine-grained, bright, or hard 
deposits are produced at low temperatures, while 
increase of temperature causes coarse or soft de- 
posits. The effects of increases of current density and 
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Table |. Direction of effects on structure of deposits 


Change in 


Change in operating condition structure group* 


Increase metal salt concentration 


I 
Increase metal ion concentration I 
Agitate solution Ilo I 
Elevate temperature 
Increase conductivity of solution 
Add colloids to solution I~ Il Ill 
Increase viscosity of solution I> Il> Ill 
Increase current density I~ Ill 


* Groups as described above in the text. 


temperature are in opposite directions. Therefore, it 
is possible to obtain fine-grained deposits in warm 
solutions at a high current density. Addition of col- 
loids in more than small amounts, increase of viscos- 
ity, and increase in current density tend in the di- 
rection of broken crystals, arboreal, or powdery 
electrolytic precipitates. 

Deposited metal powders are represented by the 
Group III type of crystals. They are “poor” electro- 
plates. Powder production is favored by low metal 
concentration, low metal ion concentration, unagi- 
tated solutions, low temperatures, solutions of low 
conductivity, addition of colloids, increases in viscos- 
ity, and marked increases in current density. The 
effect of each variable is not of the same order of 
magnitude; the effects are cumulative and interde- 
pendent; changes in concentration may be of greater 
importance than variation of temperature; vigorous 
agitation may offset the effect of increase of current 
density. 

Electrolytic powders of commercial importance 
are of two varieties. Loose crystals may be formed 
in the cells as nonadherent powders, or the powder 
may result from grinding relatively hard, brittle, 
partially coherent deposits. Examples of the first 
class are Cu, Zn, Ni, Ag, and Pb; of the second Fe 
and Mn. These will be briefly described from the 
viewpoint of their production. While electrolytic Zn, 
Ni, and Pb powders are interesting, they are com- 
mercially unimportant in that powders of these met- 
als are the result of other methods; industrially only 
electrolytic Cu, Fe, and Mn command markets. Silver 
crystals are the conventional result of electrolytic 
refining. Disintegration converts them to a powder. 

The powders all command “shape” premiums in 
price over ingot metal or cathode chip of the same 
purity. 

In practice, cathode current densities are higher 
than those of refining, so that loosely adherent spongy 
deposits which are periodically removed by scraping 
or tapping devices or by electrolyte circulation may 
be produced. In the case of Cu powder, acid electro- 
lytes of lower metal and higher acid concentration 
than those used for refining or plating are preferred. 
When operated at high cathode density and with 
hydrogen evolution, the finely divided metal crystals 
often have a fernlike appearance under the micro- 
scope. It is necessary to remove the cathode fre- 
quently; otherwise the effective area of the deposit 
is increased to such an extent that the current den- 
sity is lowered and coarse deposits formed. 
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The fineness of the powder may be varied over a 
considerable range by changes in the composition, 
temperature of the electrolyte, and variation of the 
cathode current density, as well as by the intro- 
duction of addition agents, reducing compounds, or 
substances which are cathodically reduced and 
anodically oxidized but are not plated out. Cathode 
current densities are different from those at the 
anode, usually higher. The deposited powders are 
washed, dried in inert or reducing atmospheres, and 
cooled to room temperature. 


Copper 

French electrolytic copper powders were produced 
through the addition of colloidal materials, such as 
H.SO,-treated glucose, for example, to the electro- 
lyte (1). The colloid was thought to make possible 
the production of extremely fine powders with the 
elimination of hydrogen evolution at the cathode 
and higher current efficiencies. American production 
of copper powder made the material in modified re- 
fining tanks from selected regular anodes and smooth 
copper cathodes. 

Large quantities of industrial Cu powders are 
electrolytic. They are made by electrodeposition us- 
ing a soluble anode and a nonattackable cathode. The 
electrolytic step transforms solid Cu into discrete, 
finely divided particles of controlled and reproduci- 
ble characteristics. Since high purity is essential, the 
anodes are electrolytically refined Cu. Large-scale 
attempts to use anodes of lower purity so that re- 
fining and powder formation could be combined have 
been commercial failures because of the wide vari- 
ations in the characteristics of the end product. In- 
soluble anodes have been investigated, but have not 
proved commercially feasible for the production of 
high-grade Cu powders. 

The cathodes are lead alloy sheet. Silicon-iron, 
briquetted iron oxide, various stainless steels, mag- 
netite, and graphite, have not been satisfactory. 

The electrodes are arranged in parallel in lead- 
lined or rubber-lined tanks, and are frequently in- 
spected as in refinery practice for irregularities to 
insure uniform current density and elimination of 
short circuits in the cells. 

In contrast to the copper refining practice, elec- 
trolysis is carried out at current densities from 5 to 
10 times higher, at lower temperatures and low con- 
centrations, and low circulation. By control at vari- 
ous levels, marketable copper powder is produced 
varying from 1.5 to 3.5 g/cm’ in apparent density 
and from 30 to 98° minus 325-mesh in particle size. 
The widely differing demands of powder metallurgy 
make this necessary. 

Copper deposits as discrete particles at the cath- 
ode and is collected at the bottom of the cell, or as a 
loosely adherent deposit which may be lifted from 
the cell and washed off the cathodes. Periodically the 
sludge is removed, filtered, and washed free of elec- 
trolyte. The large surface area and activity of wet 
Cu powder make thorough washing and immediate 
drying essential to avoid oxidation of the Cu par- 
ticles. 

The powder is dried in controlled-atmosphere, 
continuous furnaces. Reducing conditions are main- 
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tained to remove surface oxides. The furnaces are 
operated at 315°-760°C (600°-1400°F) in atmos- 
pheres of 10-30% hydrogen and 5-20% carbon mon- 
oxide. Furnace conditions are closely controlled. Ex- 
cessive fritting or sintering of the powder into a 
ductile mass must be avoided. 

The discharge from the furnaces is fed to high- 
velocity impact mills to break up clusters without 
excessive cold working and hardening. Powder 
which is milled too lightly will contain a high per- 
centage of agglomerated fines. Powder milled too 
heavily will contain flakes, roughly spherical, or 
cold-worked particles which will destroy its com- 
pacting qualities. 

Size fractionation is by screening and air separa- 
tion. The various fractions are stored in airtight, 
dessicated containers. Blending of the various frac- 
tions produces desired types of powder. 


Lead 

Mantell described the preparation of Cu-coated 
Pb powder using an acetate electrolyte with Cu and 
Pb anodes and Ni cathodes at cathode current den- 
sities of 18 amp/ft* at a power consumption of 1.5 
kwhr/lb of 200-mesh powder containing 60% Cu 
and 40°) Pb (2). These have been used for bearings 
whose operating temperatures may exceed the melt- 
ing point of Pb. No lead “bleeding” results. 


Zinc 

Electrolytic zinc powder is made from flue dust 
with a caustic leach liquor and an electrolyte of so- 
dium hydroxide and sodium zincate. The product 
shows a typical fern-leaf appearance of sizes 45-60 » 
long. Zinc dust is employed as a reducing agent in 
the manufacture of hydrosulfites and in the prepara- 
tion of organic compounds. Commercial operating 
data of a plant employing hollow magnesium alloy 
cathodes are given in Table II. 


Nickel 
Electrolytic Ni has been made by Mantell (3) em- 
ploying an NH,C1 electrolyte whose pH was adjusted 
by means of NaOH, using Ni anodes and cathodes. 
Operating details are given in Table II. 


Lead 

The inter-relation of operating conditions in pro- 
ducing lead powder was shown by Crownover (4) 
who found: “Spongy deposits were formed at lead 
concentrations between 7.23 and 16.2 oz per gal and 
free HBF, concentrations between 51.5 and 27.6 oz 
per gal at current densities ranging from 1,325 to 
177 amp per sq ft for 2 minute deposition periods. 
Particle size increased with increasing time of de- 
posit and decreasing current density. Dendritic 
growths formed on the edge of the cathodes at cur- 
rent densities between 257 and 835 amp per sq ft 
and electrolyte concentrations of 16.6 to 28.1 oz per 
gal lead and 27.6 to 12.4 oz per gal free HBF, for de- 
position periods of 4 to 30 minutes. Easily removable 
powdered lead could not be produced at current 
densities between 299 and 835 amp per sq ft when 
the electrolyte contained 28.1 oz per gal lead and 
12.4 oz per gal free HBF,. A firm adhering deposit 
formed on the cathode at a current density of 1,100 
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Table Il. Operating details—electrolytic Zn and Ni powders 


Electrolytic Electrolytic 
zine powder nickel 
Raw material High-grade Zn Ni 
flue dust 
Cell: 
Material of 
construction Steel, rubber- Steel, rubber- 
lined lined 
Capacity, lb/day 110 
Electrolyte: 
Feed 200 g/1 NaOH, 10 300 g/l NH.Cl, 
g/1 Zn 2 g/1 NaOH 
Effluent 200 g/l NaOH, 9 
g/l Zn 
Temperature, °C 30 23-26 
Method of feed Gravity 
Circulation method Rubber-lined 
pump 
Current: 
Current per cell, amp 2,500 
C.d. anode, amp/ft* 10-20 
C.d. cathode, amp/ft® 120-150 20-30 
Current efficiency, % 80-90 55 
Volts per cell 3.4 1.4-1.5 
Power consumption: 
Kwhr per lb metal 1.37 1.13 
Lb metal per kwhr 0.73 0.88 
Anode Ni sheet Ni 
Cathode Hollow iron or Mg_ Sheet Ni 
alloy (Elektron) 
Electrode spacing 1.18 in. (30 mm) 1.5 in. 
Final product, % metal Paste 35-45 Zn, 98-99 


dry dust 85-95 


amp per sq ft. No difference was noted in the use 
of copper, carbon steel or stainless steel for cath- 
odes.” 
Iron 

Electrodeposition of iron dates back to 1846 when 
Bottger used a bath of FeSO,-7H.O and NH.Cl. Bietz 
in 1869 produced electrolytic Fe and employed it for 
making magnetic tests. Siemens (5) in 1889 pro- 
posed a general process in which sulfide-iron min- 
erals were leached with ferric chloride or sulfate, 
the Fe deposited from the leach liquors on a cath- 
ode in a diaphragm cell, and the leach regenerated. 
The first serious attempt to produce electrolytic Fe 
in quantities was in 1904 (6), when the metal was 
deposited from a mixture of ferrous and ammonium 
sulfates at a current density of 6-10 amp/ft’ (0.65-1 
amp/dm’*) at 30°C and an average emf of 1 v. In 
the plant of the Western Electric Company (7) the 
anodes were cast steel and the bath carried slightly 
on the alkaline side so that a considerable amount of 
oxides would be deposited in the cathode to make 
the latter brittle and easily ground up in connection 
with the manufacture of electrical “loading coils.” 
It was not necessary to make a pure grade of Fe. A 
further modification of the Burgess process was used 
by the Westinghouse Electric & Manufacturing Com- 
pany (8) in which a pure grade of Fe was produced 
for use in the manufacture of alloys for electro- 
magnetic machinery and instruments. Commercially 
pure Fe anodes were used, but the refining range 
of the process was very small. Cathodic products 
would often be produced which were too high in 
either C or S or both. 
In 1914 an electrolytic iron plant was installed at 
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Table 111. Data on production of electrolytic Fe powder and electrolytic Mn 


Iron Manganese 
Electrolyte: 
Sp gr 1.1 
Percentage Fe 4.6 (50 g/l) 
pH 4.5 
Temperature, °C 50 35-40 
Circulation, gal/min 3.0 


Circulation apparatus 


Centrifugal pumps 


Centrifugal pumps 


Anolyte: 
Mn, g/l, as MnSO, 10-18 
H.SO,, 25-35 
(NH,).SO,, g/l 120-140 
pH 1-1.4 
Catholyte feed: 
Mn, g/l, as MnSO, 25-35 
(NH,)-SO,, g/l 125-135 
pH 7.2-7.6 
Current: 
Amp/ft’ 25 40 
Voltage per tank 2.5 5+ 
Current, voltage, and kw of d-c apparatus 2940 amp 6000 amp 
85 Vv 600 v 
Current efficiency, % 65-70 
Kwhr/l|b metal, d.c. 1.20 4-4.5 
Kwhr/Ib metal, a.c. §-5.25 
Lb metal per kw-day 20.0 4.07 
omposition % Lead allo 
Weight, lb 120 
Mode of suspension Welded to hanger bars Welded to hanger bars 
Anode spacing, in. 5 
Life 12 days 3 years 
Scrap, % 20 None 
Number per cell 21 21 
Cathodes: 
Length, width, thickness 18 x 22% x 20 in. gauge 36 x 18 x 1/16 in. 
Weight, lb 5% 


Mode of suspension 
Replaced after ? days 


15-22 


Weight, lb 

Material 

Number per cell 20 
Deposition tanks 

Material of construction Haveg 


Length, width, depth 


Welded to hanger bars 


Welded to hanger bars 
1,5-2 


Stainless steel 
20 


Concrete, lead or plastic lined 


10 ft x 30 in. x 30 in. 


Number of anodes, cathodes 21, 20 21, 20 

Electric connection Series Series 

Amp/in.* cross section of busbar 1000 1000 
Anode mud: 

Percentage of anode 17 

Composition Metallic iron and other metal MnO. 


oxides and sulfates 


Removed after ? days 


Grenoble, France (9), in which a hot neutral solu- 
tion of ferrous chloride was employed as an electro- 
lyte to which iron oxide was added as a depolarizer, 
with cast-iron anodes and rapidly rotating mandrels 
for cathodes. Both tubing and plates were produced of 
electrolytic Fe of good purity, showing Fe 99.967%, 
C 0.008%, Mn 0.009%, P 0.002%, Si 0.014%, S trace 
(10). In commercial operation the electrolyte was 
circulated over Fe turnings, and iron oxide was 
added; or else air was blown in to keep the H’ ion 
concentration of the solution low. Current density 
was 93-105 amp/ft’ (10-11 amp/dm’) at a tempera- 
ture of 80°C. The small hydrogen content of the 
metal was removed by annealing at 900°C. Power 
requirements were of the order of 1.8 kwhr/Ib. 

A bath used in Germany, originated by Fischer 
(11), contained 450 g FeCl, 500 g anhydrous CaCl., 
750 g water, operated at 90°-110°C at 93-185 amp/ 
ft* (10-20 amp/dm’*). Owing to the high working 
temperature, the Fe deposited is relatively free from 


hydrogen and is therefore not brittle. It has a purity 
of at least 99.95°; and can be deposited in thick? 
dense layers. 

With the development of powder metallurgy, a 
demand for Fe powder arose. Part of this is met by 
electrolytic iron made by Plastic Metals of Johns- 
town, Pa. The operating conditions are tabulated in 
Table III (12). 

Manganese 

Manganese powder is the product of grinding 
electrolytic “cathode chip” metal in ball mills in 
nitrogen, helium, or argon atmospheres with partic- 
ular care to keep temperatures low because of the 
pyrophoric nature of the powder. More recently Mn 
powder has been made successfully on crushing rolls. 
Manganese powder finds tonnage applications in 
welding rods and coatings therefore, as well as mag- 
netic materials. 

Manganese is electrowon from reduced ores or 
equivalent Mn containing materials which are 
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leached with return electrolyte, which when puri- 
fied becomes cell feed (13). Operating conditions are 
given in Table III. 

In the preparation of electrolyte from which the 
metal is deposited, the solution is purified completely 
of Fe, As, Sb, Sn, Pb, Ni, Co, Mo, SiO., Al; Ca and 
Mg are also removed. Diaphragms are around the 
cathodes, and the anolyte fills the cell around the 
diaphragms. 

The electrowinning of Mn depends on very pure 
solutions. In addition, there is dependence on the 
combination of factors such as concentration, pH, 
temperature, current density, cathode and anode 
material, rate of flow to the cells, as well as other 
variables. Problems of dealing with an alkaline 
catholyte and an acid anolyte in a two-compartment 
cell, as well as the impossibility of considering any 
of the variables separately because of their influence 
on each other, cause Mn electrowinning to be almost 
in a class by itself. It demands much more delicate 
control than does the electrowinning of Zn and Cu, 
for it carries all their problems and many more. 

Manuscript received July 15, 1957. This paper was 


prepared for delivery before the Buffalo Meeting, Oct. 
6-10, 1957. 
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Any discussion of this paper will ap 
cussion Section to be published in the 
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Theoretical calculations of the rates of electro- 
chemical reactions have been the subject of many 
publications. Most treatments in recent years in- 
volve the assumption of an activated complex and 
suffer in that the energy terms for the activated 
complex cannot be evaluated accurately. In the case 
of electrode reactions it would appear that a prom- 
ising line of approach to take would involve the 
assumption that the charge transfer at the electrode 
occurs by a tunneling process and that this tunnel- 
ing process is the controlling factor in the rate of 
the reaction (1). 

Kinetic theories of the hydrogen evolution re- 
action usually assume that the initial reaction step 
at an elecrode is 


H’ (sol’ ~H 1 
+ [1] 


It can be shown that the rate of this reaction may 
be approximated 
from (1) by 


rate = f exp (—AU/kT) [2] 


where 


(2m)*” 
exp 


R| [3] 
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and 


e 
AU = — — + (E.,, 4 
aR ( + x) [4] 


In these equations e, h, k, m, and T have their usual 
significance. @# is the work function of the metal 
electrode, E, is the electron affinity of H’ in Eq. 
[1], E.,. is the potential of the hydrogen electrode 
vs. the zero point of charge, x is the surface poten- 
tial for hydrogen adsorption on the metal, and R is 
the distance of approach of hydrogen ions to the 
surface of the metal when the charge transfer 
occurs. R is assumed to be 0.49A, the average of 
the Goldschmidt and Bohr radius of the hydrogen 
atom. 

In Table I are found the results of calculations 


Table |. Calculated and experimental rates 
of hydrogen evolution reaction 


Cal'd. rate, Expt’l. rate (2), 
Metal amp/cm? amp/cm? 
Hg §.8 x 10° 2x 10° 
Ni 2.5 x 10° 1 x 10° 
Cu 2.5 x 10° 
Ta 12x 10° 1 x 10° 


p 
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of the rates of the hydrogen evolution reaction at 
the reversible potential, and H’ (sol’n) concentration 
of unity. Experimental rates of the hydrogen 
evolution reaction at approximately the same con- 
ditions are given for comparative purposes. 

The table shows that the calculated and experi- 
mental values are in fairly good agreement. Since 
the calculated values are very sensitive functions 
of R, E.,., and x, as seen in Eqs. [3] and [4], the 
agreement is fortuitous in some cases. 

The following model may be associated with the 
process given in Eq. [1]. The metal electrode is 
assumed to be a perfect conductor. The electron 
from the metal electrode moves through an energy 
barrier at the surface of the electrode described by 
the fr function in which the barrier height is ¢ and 
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the barrier width is R. Then, at distance R from the 
electrode the electron combines with a proton from 
the hydrogen ion solvation complex in the electrical 
double layer to form a hydrogen atom. A some- 
what similar model in principle has been proposed 
by Gurney (3). 

Manuscript received Aug. 22, 1958. 

Any discussion of this paper will appear in a Dis- 


cussion Section to be published in the December 1959 
JOURNAL. 
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Feature Section 


William J. Kroll—Medalist: 


J. W. Marden 


The history of William J. Kroll’s life reads like a 
novel. He was born in 1889 in story-book Luxembourg, 
son of the director of an iron blast furnace plant. He 
attended the Technische Hochschule at Charlottenburg 
where he studied iron and steel metallurgy. With his 
doctor’s thesis on boron began a distinguished career 
with the less common elements and, although he worked 
in several European metallurgical plants and on many 
alloys, he seems always to have been most interested in 
the rarer metals. 


Dr. Kroll has been, for many years, an international 
figure in his line of work. He has published about 80 
scientific papers and has at least 40 patents to his credit. 
Thirteen of his more recent and very important papers 
on ductile titanium, zirconium, chromium, and electric 
furnaces are published in the JourRNAL of The Electro- 
chemical Society. 


Not only have Kroll’s researches been of great scien- 
tific value but many have found practical application. 
Among these are: calcium lead bearing alloys; produc- 
tion of calcium lead by reduction of calcium chloride 
with sodium lead; production of calcium lead by reaction 
of calcium carbide with lead; debismuthizing of lead 
with calcium; deantimonizing lead solder with alumi- 
num; aluminum silicon piston alloy with more than 
20% silicon; production of beryllium by reduction of the 
fluoride with magnesium; dezincing of lead by vacuum 
treatment; age hardened copper titanium alloys; age 
hardened nickel aluminum and nickel titanium steels; 
cerium magnesium alloys for high-temperature applica- 
tions; production of titanium and zirconium by halide 
metallurgy. 


Between the years 1923 and 1949, Kroll worked in his 
laboratory in Luxembourg on titanium and, in 1938, he 
came to America and offered to develop his process for 
any one of several firms interested in nonferrous metals 
and electrical fields. The reception was discouraging and, 
even though some of us were sympathetic, he returned 
home with no takers. Since many of our executives 
have now retired, I can report to Dr. Kroll that often 
(as some of you well know from experience) vice- 
presidents and general managers who control plant ex- 
penditures do not agree with the recommendations of 
the members of their research staff. Also, the factory in 
question was located in a congested area and we were 
hardly in a position to start a production involving the 
use of much chlorine. 


However, I remember our conference well. Dr. Kroll 
drew on the blackboard pictures of the equipment he 
proposed to use for producing commercial quantities of 
titanium and zirconium. Although his schematic draw- 
ings did not look exactly like the apparatus I saw years 
later at Albany, Ore., or the melting furnaces at Salt 


1 Introductory remarks by J. W. Marden on the occasion of the 
Acheson Medal Award to W. J. Kroll on September 30, 1958. 
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Lake City, basically the ideas for production of these 
metals were the same as those which finally proved to 
be so successful. 

Two stories were told by Dr. Kroll at these confer- 
ences regarding the living conditions near the German 
border where he had his laboratory and home. One of 
Hitler’s ministers was named Von Ribbentrop. On one 
side of a river stood a man from Luxembourg, and on 
the other a German. The Luxembourgian called to the 
German, “We have butter on our bread,” and the Ger- 
man replied, “We have Von Ribbentrop on ours.” Riibe 
means beets. 

Also, Dr. Kroll told me that his home and laboratory 
in Luxembourg would be directly in the path of the 
Germans if they attacked France. He said he had a 
bicycle hidden in the woods and when the first gun 
went off he would ride away as fast as he could. Per- 
haps he will tell us tonight whether or not he ever 
used his bicycle. 

Fortunately, Kroll got out of Luxembourg ahead of 
the German invasion and came back to America in 
1940 as No. 13 of a quota of 200 immigrants. It now 
seems quite fitting that the development of the com- 
mercial processes for titanium and zirconium were 
sponsored by the U. S. Bureau of Mines and that patent 
rights to some of these inventions should be the property 
of the people of the United States who made a refuge 
for him in time of war. A very small portion of these 
significant inventions still belongs to Kroll as a natural- 
ized citizen of the U. S. A. 

I wrote to Dr. Kroll and asked him to tell me more 
about “Kroll, the man.” A paragraph from his reply 
follows: 

“As to ‘Kroll, the Man’... he has had his share of 
troubles in his life, had to run away from the Nazis, was 
forced to adjust himself sometimes to a changed am- 
biance with fair success and did his best to use his 
opportunities. Unfortunately he was hollering during 
many years in the desert, and nobody wanted to listen 
to him. He did not marry but was (and is) not adverse 
to feminine charm. He liked water sports and skiing 
which he practiced as long as youth permitted. He has 
interests in art, especially in its history. Otherwise he 
spends his time reading, writing and travelling to advise 
people how to get along with titanium and zirconium.” 

Dr. Kroll is a true scientist who does not require elab- 
orate equipment or a large group of assistants. Forty 
hours of work is only a part of his week’s efforts. He has 
had his full share of failures and laboratory explosions. 
Those of us who have also worked on chromiun, tita- 
nium, and zirconium know that very great ingenuity 
and many years of effort were needed to overcome the 
difficulties encountered in their successful production. 
One cannot overemphasize the value of Kroll’s work 
in making such important metals commercially avail- 
able. 
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Dr. Kroll has been awarded many honors in the last 
few years, including the following: Francis J. Clamer 
award of the Franklin Institute; James Douglas medal 
of the A.I.M.E.; The Heyn Award of the Deutsche 
Gesellschaft fiir Mettallkunde; Albert Sauveur Achieve- 
ment Award of the A.S.M.; Honorary Degrees from the 
University of Grenoble, Oregon State College, and the 
University of Missouri School of Mines; Perkin Medal of 


It is a great favor to have Dr. Marden, the pioneer of 
the rare metals, introduce me to my audience. When we 
met for the first time, around 1932, he had already been 
engaged for some years in this type of research, to 
which his occupation with lamp filaments had con- 
ducted him. His report on the methods of zirconium 
production was for a long time a classic on the metal- 
lurgy of this metal, and his work on malleable chromi- 
um, which I checked and found confirmed, led finally 
to cold ductile metal. Thank you, Dr. Marden, for the 
many invaluable things I learned in your school. 

When I was a student at the Technische Hochschule 
in Charlottenburg around the year 1910, a fascinating 
book fell into my hands. It was a translation of a mono- 
graph by Fitzgerald on Acheson’s methods for produc- 
ing artificial graphite and silicon carbide. My youthful 
and receptive mind was deeply impressed by Ache- 
son's electrothermal methods, which in my later years 
I was able to use repeatedly. I never thought, at that 
time, that some day I would be destined to be selected 
by the American Electrochemical Society as recipient 
of a medal created by Acheson, which I modestly ac- 
cept today as a posthumous reward by a great master 
and pioneer to one of his many devoted and anonymous 
students. To The Electrochemical Society and to the 
members of the award committee, I address my deep 
feelings of gratitude for having been found worthy of 
this high honor. 

When I studied at college, metallurgy was still to a 
large extent an Art. This was the time when, in Europe, 
the teachings of Roozeboom, Le Chatelier, Martens, 
Ostwald, Tammann, and Bragg started elucidating metal 
structures and throwing light on metallurgical processes; 
while, in this country, Richards, Hofman, and Peters 
gave American nonferrous metallurgy world repute 
with their textbooks. In these days, too, Duralumin 
was accidentally discovered in Germany by Wilm, who 
opened the era of age hardening. 

However, fate did not bring me in contact with these 
great men of the past. My teacher in iron metallurgy, 
which I selected as my future breadwinner, had some 
ideas on how to make artificial diamonds, and he took 
me, after having me swear absolute secrecy, as his best 
man for this job. We brought one of the finest auto- 
claves for this study, for 1500 atm of pressure, with a 
fretted steel barrel, and filled its belly with black gun- 
powder which we blew off with a hot wire, just to see 
what would happen. The autoclave held, but the resi- 
due from the powder was just plain carbon. Then we 
followed Moissan’s prescriptions, melted iron in a 
graphite crucible, and, after overheating the melt under 
high pressure, poured it into mercury within the auto- 
clave. But the sample of iron obtained showed only 
ordinary ledeburite eutectic, and the chemical treat- 


*Acheson Medal Address delivered September 30, 1958 at the 
Ottawa Meeting of The Electrochemical Society. 


Acheson Medal Award Address’ 


W. J. Kroll 


January 1959 


the Society of Chemical Industry, American Section. 

Since the methods developed by Dr. Kroll for the 
production of titanium, zirconium, and other less com- 
mon metals are truly electrochemical, it is particularly 
fitting that he be given the high honor of the Edward 
Goodrich Acheson Award by this Society. 

Ladies and Gentlemen, it is now my great honor and 
privilege to introduce ... Dr. William Justin Kroll. 


ment left behind plain graphite. Then my professor 
had an inspiration. He suggested that we react acety- 
lene with insufficient oxygen. We produced the former 
in the autoclave by dripping water on calcium car- 
bide, and blew oxygen in from a cylinder through a 
long copper tube. A spark plug provided for ignition 
if the mixture did not go off by itself. Careful week- 
long leaching of the residue with various acids left 
microscopic crystals which the professor claimed to be 
diamonds, but, as a skeptic, I never believed him. He 
thought that the only thing left for us to do was to make 
these crystals grow bigger with the help of a suitable 
catalyst, for which he selected carbon disulfide. This 
choice sounded quite logical to us, the operators, and 
we went ahead with the experiments. My helper had 
to empty the autoclave afterwards, and this was worse 
than receiving the full blast of a skunk, since our cata- 
lyst produced mercaptans. My unhappy assistant had 
trouble with streetcar conductors, who admitted him 
for home transportation only if he stood in the well- 
ventilated front section of the car, after the door had 
been carefully locked behind him. For weeks, people 
passing in front of the Technische Hochschule sniffed the 
air, asking what animal could have died unnoticed and 
left unburied on the grounds of our Alma Mater. I had 
endless squabbles with my landlady because of odor, 
and the semester, which was about to start, had to be 
delayed two weeks to let the ozonized Berlin air de- 
contaminate the building. The diamond production 
along such promising lines had to be discontinued for 
understandable reasons. I hope that the General Elec- 
tric people, who now make real diamonds, get by with- 
out the addition of carbon disulfide if by any chance 
they use acetylene in their process. 

Progress in one branch of science is frequently 
brought about by advances in other lines. When around 
1908 Tammann patented the use of cobalt-chromium 
alloys for gas turbine blades, he was hopelessly ahead of 
his time. When von Bolton at about the same time pro- 
duced the first ductile tantalum, he succeeded largely due 
to better mechanical and mercury diffusion vacuum 
pumps, built by Gaede. When sodium lighting was in- 
troduced, it was a special duplex glass, inert to this 
element, that made this progress possible. Sodium was 
not used in the reduction of titanium chloride until 
recently, after the Atomic Energy Labs. recognized 
the solubility of the oxide in the metal and worked 
out methods for its removal, since it caused corrosion. 
When titanium and zirconium, as well as other rare or 
active metals, became commercial the inert gas indus- 
tries had an essential part in their successful produc- 
tion. The greatest advance of the century in steel mak- 
ing, the “Linz” bessemerizing with oxygen, was brought 
about largely by Fraenkl’s improvements in heat ex- 
changers for oxygen liquefaction, which lowered the 
price of this gas. Our specialized college training makes 


4 
° 
ted 
‘ 
he 
é 
| 


Vol. 106, No. 1 


this kind of invention increasingly more difficult. En- 
cyclopedic knowledge is evidently out of the question 
for most of us today, but, nevertheless, the research man 
with a shallow but more universal education may be 
more capable of bridging two or more fields of tech- 
niques and may, therefore, be more successful as an 
inventor than the specialist. 

Research projects are still being started in many 
laboratories without any serious library work. One re- 
search manager of my acquaintance claimed that a 
study of the literature would discourage the searcher 
because he would become aware of his ignorance. An- 
other wrote that library work is so expensive that a 
direct attack of the problem by experiments is, in the 
end, cheaper. Also, the Patent Office could always be 
used as a rather cheap source of information. Both 
objections are, of course, rationalizations of conduct, but 
with a core of truth. They miss the main point, how- 
ever, namely, that library work is not just collecting 
data, which any librarian can do, but it is the main, 
perhaps even the sole, opportunity for the research 
scientist to take time out for thinking and for evaluat- 
ing. 

Literature searches are expensive because we make 
them so. Most technical magazines force the reader con- 
stantly to keep his mind “dejunking” the advertise- 
ments, sandwiched in the text, and, if after this effort 
and waste of time he condenses the article, the useful 
substance matter as a rule does not comprise more than 
a few words. This frustrating rejection of bulk makes 
rapid reading techniques necessary, and, conversely, 
concentration, when needed, difficult. The starting point 
of any library search should be good modern textbooks, 
which, in the field of electrochemistry, and still more in 
nonferrous metallurgy, are wanting. We lack modern 
monographs on the electrolytic production of copper, 
zinc, lead, aluminum, magnesium, sodium, lithium, cal- 
cium; on the production of graphite, calcium and silicon 
carbide, silicon metal, and ferroalloys. For reliable, up- 
to-date, and thorough information on modern copper 
refining, we have to consult the West German Hand- 
book of Inorganic Chemistry, “Gmelin”; for ferroalloys, 
another West German book by Durrer-Volkert; for 
magnesium and aluminum electrolysis, an East German 
and, respectively, a Russian monograph. Are we going 
to be overtaken by Russia also in this field? I do not 
want to criticize the laudable efforts of the many book 
committees of our various technical associations, but, in 
the light of our increased needs, such projects must be 
speeded up. Plenty of money has been available, how- 

ever, for monographs on fancy metals such as beryllium 
and zirconium. The lack of textbooks greatly handicaps 
the education of our future metallurgists. This gap 
cannot be filled any more by the efforts of one individual 
author; the support of our technical associations, com- 
bined with the active help of plant owners, who earn 
all the benefits, is needed for this vast project. The 
almost complete absence of good textbooks on descrip- 
tive, extractive metallurgy in general is perhaps symp- 
tomatic of a miscarried principle. Could it be that the 
emphasis put in our universities on physical chemistry 
and physical metallurgy has killed the urge to describe 
the processes to which these branches of science apply? 
This, if true, would explain our recession in process 
metallurgy, which took us within one generation from 
leaders and exporters of ideas such as those of Cottrell’s 
and Dwight Lloyd’s, to importers and copyists of 100,- 
000-amp aluminum cells, rotating hearth electric fur- 
naces, and electrothermic metal refining processes using 
fused slags, to mention only electrochemistry. 
Another justified criticism of today’s metallurgical 
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research is the frequent overemphasis on thermochem- 
istry, used as window dressing in publications, despite 
the fact that this branch of science is still in its infancy 
and lacks accuracy. Indiscriminate use of thermody- 
namics leads frequently to grievous mistakes which 
discredit it. For instance, some years ago one out- 
standing thermochemist calculated the vapor pressure 
of magnesium over a magnesia-silicon mixture. He 
found it to be so low that he disclaimed the possibilities 
of this process. It was discovered later that his values 
were about 10,000 times too low, due to the unreliable 
old data he used, and, if at that time American in- 
dustrialists had taken his calculations seriously, there 
would not have been any magnesium made by the 
Pidgeon process. Confirming the results of experiments 
would have been better than trying to predict their 
outcome. Thermodynamics must consider chemical facts 
first. All efforts should be directed toward establishing 
new and more precise free energy data instead of using 
old ones for vain calculations, made by thermochemists 
who frequently neglect their chemistry. Few institutes 
contributed more to thermochemistry than Dr. K. K. 
Kelley’s Bureau of Mines laboratory in Berkeley, which 
earned him and the sponsoring government recognition 
all over the world. It deserves much more financial help 
than it has at present. 

Frequently, the opinion is expressed that humanity 
has reached approximately the end of outstanding 
discoveries. This, I do not believe. It is astonishing how 
unexpectedly a great advance is made, often by laymen 
with the most primitive means, while huge laboratories, 
provided with the most powerful research tools and 
plenty of money, miss the discovery entirely. For 
example, powdered aluminum has been available for 
half a century, but, only a few years ago, an up to then 
unknown chemist named Irrmann, of the Swiss “Alu- 
minium Industrie Neuhausen,” had the idea of sinter- 
ing such powder and of checking the mechanical 
properties of the compacts at medium temperatures. He 
thus discovered with the simplest means a broad line 
of new materials, the so-called “SAP” aluminum-alu- 
mina alloys, suitable for lightweight construction at 
temperatures at which normal aluminum alloys fail. 

Progress usually proceeds in leaps. Since the time 
of Richard Lorenz, 40 years ago, fusion electrolysis 
with a solid cathode deposit remained dormant despite 
the fact that it is applicable to many more metals than 
is electrolysis with a fused cathode. Fused salt elec- 
trolysis for refining impure metals with a soluble solid 
anode has recently been rediscovered and put to use 
for the purification of titanium and other metals. It was, 
however, broadly described and known to be successful 
in the refining of aluminum-silicon alloys, plain iron, 
and ferroalloys, on the pilot-plant scale. This method 
has opened large horizons for the electrolytic refining of 
raw metals, and we know now that the Van Arkel 
iodide process is replaceable by the much cheaper 
method of soluble anode electrolysis, which also allows 
removal of oxygen, nitrogen, carbon, and many metallic 
impurities. Another rediscovery is the reaction of fused 
or gaseous halides with solid metals or alloys in powder 
form, in order to extract certain constituents. This idea 
has been described for the extraction of manganese 
from ferromanganese, of iron from ferronickel, and of 
copper from monel metal. It is now one of the leading 
suggestions in titanium electrolyte production. If some- 
day the great difficulties in cell construction and opera- 
tion can be overcome for the direct production of tit- 
anium and zirconium crystals, with graphite anodes, 
the processes which use metal reduction of the chloride 
will have had their day. In the case of titanium, the 


9C 


Be 

2 

fae 

| 

% 
j 
= a 
Se 


10C JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


raw material will probably not be a master alloy to 
be refined, but tetrachloride solubilized in alkali chlo- 
ride after partial reduction to lower chlorides. This is 
by far the cheapest and purest titanium compound, 
since it can be made by chlorination in a fluidized bed, 
and it does not create the problem in sludge treatment 
which exists in the anodic dissolution of impure mas- 
ter alloys. 

The collateral of the fusion electrolysis of chlorides 
is, of course, a halide chemistry. We already have 
learned a great deal in the now commercial chlorination 
of magnesium, beryllium, silicon, titanium, and zirconi- 
um materials and ores, and we also have learned how 
to purify the raw chlorides obtained. In the more 
general development of chloride chemistry, one big 
hurdle has to be overcome, which is the reclaiming of 
the chlorine contained in byproduct chlorides, especially 
in iron trichloride. This problem has world impor- 
tance. Today, we know how to make titanium oxide pig- 
ment and chlorine from TiCl, by burning this compound 
in oxygen, but the same method, when applied to iron 
trichloride, has not yet found commercial uses because 
of special difficulties. Yet, on this method depends the 
possibility of economical beneficiation of iron-bearing 
ores with chlorine, such as bauxite, chromite, ilmenite, 
and low-grade nickel ores. The difficulties with pluri- 
valency in the electrolysis of iron chloride in a carrier 
salt with graphite anodes are almost identical with 
those encountered in titanium winning from a lower 
valency, fused halide bath. The problem of iron fusion 
electrolysis is also one that concerns the world, since 
it might allow nations which have cheap hydropower, 
but no coal, to produce iron by electricity. While the 
Hall-Heroult process of aluminum winning has not yet 
been menaced by any competitive or cheaper method, 
it may well have to count on a rival, which may be 
the electrolysis of aluminum chloride in a carrier salt. 
This depends mainly on cheap aluminum chloride of 
high purity. The power consumption would be much 
lower, especially if the metal were deposited in solid 
form, as it can be, around 200°C, in closed cells. There 
would be barely any anode carbon consumption, while 
the chlorine would be recovered. New anode materials 
might, however, have to be discovered since, at low 
temperatures, aluminum chloride, as well as iron tri- 
chloride, reacts with graphite, forming some curious 
addition compounds which disintegrate the carbon. 

The many unorthodox methods that we have seen 
introduced in titanium metallurgy have had their 
happy repercussions in many other branches of metal 
extraction and purification. The special steel producer, 
faced with the necessity of competing with titanium in 
airplane construction on a weight to strength ratio 
basis, has been forced to look for new and much 
stronger alloys of the age-hardenable stainless steel 
type, of greater cleanliness, and, especially, free of gases. 
Vacuum arc melting is now applied to such alloys. The 
little arc melting button furnace used in the control 
of the hardness of titanium has developed into the 
most precious tool for metallographic laboratories be- 
cause of clean melting conditions. Vacuum retorts as 
used in titanium metallurgy now spread to the bright- 
annealing of metals. 

We lack, to a considerable degree, basic knowledge 
of fused salt electrolysis and, as an example, the prob- 
lem of the anode effect may be cited. It has been en- 
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countered again in the fusion electrolysis of titanium 
with graphite anodes, and those who made the obser- 
vation erroneously called it “polarization.” It has noth- 
ing to do with this, since the anode effect is a gas skin 
which is electrically charged and which adheres tightly 
to the graphite surface. It can be broken up by adding 
oxide to the bath. This phenomenon is much more pro- 
nounced in fluoride electrolysis, which is made possible 
only because of oxide addition to the electrolyte. While 
the chloride electrolysis does not require much oxide, 
this might nevertheless impart some extra hardness to 
gas-sensitive metals deposited at the cathode. Anode 
gases coming off a titanium cell with graphite anodes 
reveal the presence of CO and CO.. A very soft metal 
could not be expected under these conditions. 

Many of those involved in titanium electrolysis also 
ignore some elementary facts of chloride chemistry. 
Few are conscious of the behavior of alkali and alka- 
line earth metal chlorides when these are exposed to 
air in the hot state, and few know that chlorine can be 
displaced by oxygen, or that moisture, in an equili- 
brium reaction, oxidizes chlorides and produces HC] from 
such salts. In this way, the bath is provided naturally 
and unexpectedly with the oxide it needs to avoid 
anode effect. One recent study proved how difficult 
it is to produce an oxide-free fused sodium chloride 
for conductivity measurements. 

This short survey shows the bright future of the 
fused salt electrolysis of halides, with solid cathode de- 
posit, which is bouncing back after 40 years of stagna- 
tion. The whole field of raw metal purification by anodic 
dissolution in a fused salt bath is now open to us. It 
extends to a great many metals. We are learning now 
about cell construction, salt handling and purification 
equipment, about the chemistry of electrolytes. This 
might well have repercussions on other established 
electrolytic processes. 

It is exactly 18 years since a congress of The Electro- 
chemical Society took place in Ottawa. I attended that 
meeting as a refugee from the Old Country and came 
here to deposit the calling card of titanium. I gratefully 
remember that The Electrochemical Society in those 
days started me on my way to success by extending to 
me the favor of presenting, in this very same Chateau 
Laurier, my first report on my new titanium process 
which is going to be important also for ilmenite-rich 
Canada. This favor was repeated later with an article 
in our JOURNAL which started the zirconium industry, 
and with another one laying the foundations of fusion 
electrolysis with soluble anodes for the industrial re- 
fining of metals. 

Looking back at my life, I may say that it went the 
way Isaac Newton said: “I do not know what I may ap- 
pear to the World, but to myself I seem to have been 
playing only like a boy on the sea shore and diverting 
myself in now and then finding a smooth pebble, or a 
prettier shell than ordinary, whilst the great ocean of 
truth lay all undiscovered before me.” To all those who 
opened this great ocean of truth with me, to all those 
who lent me their hands and who made something big 
out of titanium and zirconium, I am deeply indebted. It 
is a great satisfaction for me to have lived through these 
thrilling years of adventure and to have received for my 
contribution so many honors, among which I will cherish 
particularly the one of our association, the Acheson 
Medal Award. 
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William Blum Receives Electrochemical Award 


Dr. Blum receives first William Blum Award of the Washington-Baltimore Section 
from the Section’s Chairman, Dr. Gwendolyn Wood. 


Dr. William Blum, Past President 
of The Electrochemical Society 
(1926), was presented the newly es- 
tablished Electrochemical Award of 
its Washington-Baltimore Section at 
an award dinner on the evening of 
November 20, 1958. At the same 
time, the Section announced that 
this semiannual award in recogni- 
tion of outstanding contributions to 
electrochemistry would be named 
the “William Blum Award” in honor 
of its first recipient. 

Dr. Gwendolyn Wood, Chairman 
of the Washington-Baltimore Sec- 
tion, made the presentation which 
consisted of a check for $100 and a 
certificate which cited the recipient 
for “fundamental contributions to 
the science of electrochemistry, with 
special reference to the techniques 
and theories of electroplating.” 

Dr. Blum received his Ph.D. de- 


gree from the University of Penn- 
sylvania in 1908, and joined the staff 
of the National Bureau of Standards 
the same yeer. Here he remained, 
until his retirement in December 
1951, at which time he was chief of 
its Electrodeposition Section and as- 
sistant chief of its Chemistry Divi- 
sion. 

His entire career has been one of 
dedicated service to his Government, 
to science, and particularly to the 
field of electrodeposition. His atten- 
tion was directed to the latter during 
World War I and it became his life’s 
work. 

His scientific endeavors have pro- 
duced over 100 publications, dealing 


with various phases of the theory 


and practice of electrodeposition. 
With George B. Hogaboom, he pub- 
lished “Principles of Electroplating” 
in 1924. The principles were so well 


presented that, even after three edi- 
tions, the book remains fundamen- 
tally unchanged and one of the main 
texts in this field. 

Dr. Blum’s outstanding work has 
been recognized through the follow- 
ing: the medal of the American In- 
stitute of Chemistry (1926); an hon- 
orary membership in the American 
Electroplaters’ Society and its spe- 
cial award (1928); honorary mem- 
bership in The Electrochemical So- 
ciety and its Acheson Award (1944); 
Exceptional Service Award of the 
Dept. of Commerce (1950); Award of 
Merit of the American Society for 
Testing Materials (1951); Special 
Award from Frankford Arsenal 
(1951). 

Since retiring, he has received an 
honorary membership in the Insti- 
tute of Metal Finishing and its Hoth- 
ersall Medal in 1954. The University 
of Pennsylvania conferred on him 
the honorary degree of Doctor of 
Science in 1953. In the same year, 
he received the Elliott Cresson 
Medal of the Franklin Institute of 
Philadelphia. In May 1958, he re- 
ceived the American Electroplaters’ 
Society Achievement Award estab- 
lished to honor truly distinguished 
service to the field of electroplating, 
metal finishing, and allied arts. 

Despite a busy technical life, Dr. 
Blum has found time to engage in a 
number of activities. He once served 
as mayor of his community, Chevy 
Chase, Md., doing an outstanding job 
in this capacity. He also has been an 
active member of the Chevy Chase 
Presbyterian Church where he has 
taken particular interest in its youth 
work. 
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June 1959 Discussion Section 


A Discussion Section, covering papers published in the July-December 1958 JouRNALS, is scheduled for 
publication in the June 1959 issue. Any discussion which did not reach the Editor in time for inclusion in the 
December 1958 Discussion Section will be included in the June 1959 issue. 

Those who plan to contribute remarks for this Discussion Section should submit their comments or ques- 
tions in triplicate to the Managing Editor of the JourNAL, 1860 Broadway, New York 23, N. Y., not later than 
March 2, 1959. All discussion will be forwarded to the author, or authors, for reply before being printed in 
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Division News 


Corrosion Division 

The Division sponsored, with the 
Electrothermics and Metallurgy Divi- 
sion, a half-day session on stress-cor- 
rosion cracking of stainless steels, at 
the Spring New York Meeting. This 
well-attended session included six 
papers representing new advances in 
the field. 

The major activity of the Division 
was concentrated at the Fall Meeting 
held in.Ottawa. The Division par- 
ticipated in eight sessions (four full- 
day meetings). Five sessions were 
sponsored jointly with the Battery 
Division and the Theoretical Electro- 
chemistry Division. The topic of mu- 
tual interest was “Films Formed in 
Contact with Liquids.” 

The annual luncheon and business 
meeting was held on October 1, 1958 
at the Chateau Laurier. Approxi- 
mately 50 attended, with Mr. J. F. 
Stanners of the British Iron and 
Steel Research Association as a 
guest. 

The Treasurer’s report indicated 
that there was a balance of $21.68 in 
the Division treasury. There were no 
expenses during the year. 

The following officers were nomi- 
nated and elected for the 1958-1959 
term: 


Chairman—M. A. Streicher, E. I. 
du Pont de Nemours & Co., Wil- 
mington, Del. 

Vice-Chairman—R. T. Foley, Gen- 
eral Electric Co., Schenectady, 
N. Y. 

Secretary-Treasurer — Milton 
Stern, Electro Metallurgical Co., 
P.O. Box 580, Niagara Falls, 

R. T. Foley, 
Sec.-Treas., 1957-1958 


Electrodeposition Division 
At the Electrodeposition Division 
luncheon meeting held in Ottawa on 
October 1, 1958, with 66 members 
present, the following officers were 
elected: 


Chairman—Abner Brenner, Na- 


tional Bureau of Standards, 
Washington 25, D. C. 
Vice-Chairman—D. G. Foulke, 


Hanson-Van Winkle-Munning 
Co., Matawan, N. J. 
Secretary-Treasurer—D. R. Tur- 
ner, Bell Telephone Labs., Inc., 
Murray Hill, N. J. 
Members-at-Large—C. A. Snavely 
and E. B. Saubestre. 


Abner Brenner announced that 
two symposia, “Electrodeposition 
from Organic Solvents” and “Electro- 
and Chemical-Polishing,” were 
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planned for the 1959 meeting, and 
urged those interested in presenting 
papers to contact him at the Na- 
tional Bureau of Standards with re- 
gard to the first and Dr. Foulke at 
Hanson-Van Winkle-Munning Co. 
regarding the second. Other sym- 
posia discussed for future meetings 
included: (a) Electrorefining and 
Electrowinning; (b) Kinetics of Elec- 
trodeposition Processes, and Hydro- 
gen Embrittlement of Metals. 

Dr. Petrocelli was appointed Chair- 
man of a committee to determine 
whether a change in term of officers 
was in order at this time. 

F. A. Lowenheim reported that the 
Editor and Advisory Board for the 
third edition of “Modern Electroplat- 
ing” had been selected and that the 
revision was already under way, 
with the target date for publication 
being mid-1961. 


D. G. Foulke, Sec.-Treas. 


Section News 


Boston Section 

The llth meeting of the Boston 
Section was held on October 14, 1958 
at the Arthur D. Little Research 
Labs. at Acorn Park. Dr. R. B. Mears, 
Director of Applied Research of 
United States Steel, spoke on the 
“Electrochemistry of Localized Cor- 
rosion.” 

Dr. Mears stated that: “Localized 
corrosion is the type of corrosion that 
normally occurs where there is little 
anodic polarization and where the 
anodic corrosion products are solu- 
ble. Use is made of localized cor- 
rosion in determining the sites of 
dislocations in very pure metals and 
in structures of practically all types 
of metals and alloys. Under labor- 
atory conditions, it is possible to 
demonstrate that at least 20 different 
factors can individually cause local- 
ized corrosion. However, under the 
more complex conditions encount- 
ered in service, it is frequently im- 


Battery Division 
Extended Abstracts 


Battery Division Extended 
Abstracts from the Ottawa 
Meeting, September 28-October 
2, 1958, may be ordered from 
the Secretary-Treasurer, Chas. 
H. Clark, 34 Pleasant Place, 
Deal, N. J. 

Their price is $2.00 per copy, 
postpaid, and payment must 
accompany all orders (by 
action of the Battery Division 
Executive Committee). 
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possible to determine which one of 
the various possible factors was ef- 
fective in producing localized cor- 
rosion.” 

R. A. Peak, Sec.-Treas. 


India Section 

New Patrons-India Section.—The 
following have joined the India Sec- 
tion as Patrons: (a) Grauer and 
Weil (India) Private Ltd., Kalba- 
devi Rd., Bombay 2; (b) S. Mitra & 
Co., Dadhabhai Navroji Rd., Bom- 
bay 1. 

Associates-India Section. — The 
Section has recently established the 
grade of “Associate” with a view to 
enabling those who are not members 
of The Electrochemical Society to 
associate themselves with the Sec- 
tion activities. So far, the Section 
has enrolled 27 Associates. 


T. L. Rama Char, 
Regional Editor, India 


Ontario-Quebec Section 

J. M. Noy has resigned as Secre- 
tary-Treasurer (1958-1959) of the 
Ontario-Quebec Section. The Execu- 
tive Committee has appointed R. P. 
Bailey, Quebec Metallurgical Indus- 
tries, Box 340, Billings Bridge P.O., 
Ottawa, Ont., to take over for the 
remainder of the term. 


Philadelphia Section 

The November 5, 1958 meeting of 
the Philadelphia Section featured a 
talk by Dr. Simon Larach on “Chem- 
ical Aspects of Electroluminescence.” 
Dr. Larach is head of the Photoelec- 
tronic and Magnetic Research Group, 
Sarnoff Research Center, RCA. 

Luminescence is the emission of 
light from materials without thermal 
means. In electroluminescence, the 
excitation is produced by an a-c 
field. A phosphor contains in the host 
crystal (e.g., ZnS) an activator (e.g., 
Cu’) and a coactivator (e.g., halo- 
gen). These additions introduce 
additional energy levels in the for- 
bidden gap of the host crystals. By 
varying the activator, the wave 
length of the emitted light can be 
changed. A more effective way to 
change the color of the phosphor is 
the variation of the forbidden band 
width by using solid solutions of, e.g., 
ZnS + ZnSe. Also, the frequency of 
the a-c field influences the color 
somewhat. A large variety of colors 
can be produced with these tech- 
niques. Applications of electrolumi- 
nescence are found in lightning, 
x-ray amplifiers, and computers. 

The next meeting of the Section 
will be held on January 7, 1959. Dr. 
Ralph Roberts of the Office of Naval 
Research will be the speaker. 


Paul Riietschi 
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New Members 


In November 1958, the following 
were approved for membership in 
The Electrochemical Society by the 
Admissions Committee: 


Active Members Sponsored by a 

J. W. Glenn, Jr., Metals & Controls 
Corp., P.O. Box 898, Attleboro, 
Mass. (Corrosion) 

Harold B. Goldberg, General Tran- 
sistor Corp., 91-27 138th Place, 
Jamaica 35, N. Y. (Electronics) 

Robert H. Herrmann, Grace Elec- 
tronic Chemicals, Inc., Baltimore 1, 
Md. (Electronics, Semiconductors) 

John R. Hofto, Westvaco Chlor-Al- 
kali Div., Food Machinery & 
Chemical Corp., Box 8127, So. 
Charleston 3, W. Va. (Industrial 
Electrolytic) 

John A. McDonald, Northern Elec- 
tric Co., Ltd., Dept. 8220, P.O. Box 


6123, Montreal, Canada 
(Electronics) 

Nathan Yagol, Hoffman Semicon- 
ductor Div., 930 Pitner Ave., 
Evanston, Ill. (Electrodeposition, 
Electronics, Theoretical Electro- 
chemistry) 


Active Members 


William Arbiter, Nuclear Develop- 
ment Corp. of America; Mail add: 
59 Windermere Dr., Yonkers, N. Y. 
(Electronics, Electrothermics & 
Metallurgy) 

Robert J. Barry, CBS-Hytron; Mail 
add: 32 Barstow St., Salem, Mass. 
(Electronics) 

Richard W. Blue, Bendix Aviation 
Corp.; Mail add: P.O. Box 5115, 
Detroit 35, Mich. (Electronics) 

Joseph M. Blum, Bendix Aviation 
Corp.; Mail add: 4 Heddin Place, 
Red Bank, N. J. (Electronics) 

William E. Boggs, U. S. Steel Co., 
Applied Research Lab., P. O. Box 
38, Monroeville, Pa. (Corrosion, 
Electrothermics & Metallurgy) 

John H. Bruns, Jr., Corning Glass 
Works; Mail add: 20 Townsend 
Ave., Corning, N. Y. (Corrosion, 
Electrothermics & Metallurgy) 

Thomas M. Buck, Bell Telephone 
Labs., Inc.; Mail add: 1427 Marl- 
borough Ave., Plainfield, N. J. 
(Electronics) 

Donald J. Doan, Eagle-Picher Co.; 
Mail add: 216 No. Byers, Joplin, 
Mo. (Battery) 

David L. Douglas, General Electric 
Co.; Mail add: 948 Westholm Rd., 
Schenectady, 9, N. Y. (Battery) 

George Elliott, Industrial Research & 
Development Labs., 220-222 Elgar 
Rd., Reading, Berkshire, England 
(Electronics, Electrothermics & 
Metallurgy) 


CURRENT AFFAIRS 


Alexander L. Feild, Jr., Universal- 
Cyclops Steel Corp.; Mail add: 
1510 Missouri Ave., Bridgeville, 
Pa. (Electrothermics & Metal- 
lurgy) 

Leonard P. Fox, Radio Corp. of 
America, Somerville, N. J. (Elec- 
tric Insulation, Electrodeposition, 
Electronics) 

Paul Friebertshauser, Pacific 
Semiconductors, Inc.; Mail add: 
14927 Greenleaf St., Sherman Oaks, 
Calif. (Electronics) 

Henry A. Fuggiti, Exide Industrial 
Div.; Mail add: 547 E. Centre Ave., 
Newton, Bucks County, Pa. (Bat- 
tery) 

John Fuller, Jr., Kendall Mills; Mail 
add: 91 Pleasant St., E. Walpole, 
Mass. (Battery) 

John P. Hammes, Minneapolis- 
Honeywell; Mail add: Box 431D, 
Rt. 1, Mound, Minn. (Electronics) 

Howard F. Gemperline, Union Car- 
bide Corp.; Mail add: 39 Morrison 
Ave., Tonawanda, N. Y. (Electro- 
deposition) 

Louis Habraken, Centre National de 
Recherches Métallurgiques—Liége, 
Rue du Val Benoit 69, Liége, Bel- 
gium (Corrosion, Electrodeposition, 
Electrothermics & Metallurgy, 
Theoretical Electrochemistry) 

Robert N. Hall, General Electric Co., 
Research Lab., Schenectady, N. Y. 
(Electronics) 

Harold K. Hughes, Markite Co.; Mail 
add: 98-20 62nd Dr., Rego Park 74, 
N. Y. (Battery) 

Leopold Jungfer, Akkumulatoren- 
fabrik Dr. Leopold Jungfer, Feist- 
ritz i.R., Karnten, Austria (Bat- 
tery) 

Tadashi J. Kagetsu, Electro Metal- 
lurgical Co.; Mail add: 1070 Rob- 
erts St., Apt. 7, Niagara Falls, 
Ont., Canada, (Electrodeposition, 
Electrothermics & Metallurgy) 

Charles B. Kenahan, U. S. Bureau of 
Mines; Mail add: 2813 Nicholson 
St., Hyattsville, Md. (Electrode- 
position) 

Ralph F. Koontz, Magnavox Co.; 
Mail add: RR #2, Fort Wayne, 
Ind. (Battery) 

Edward R. Landry, Electro Metal- 
lurgical Co., 1425 Mountain St., 
Montreal, Que., Canada (Electro- 
thermics & Metallurgy) 


By action of the Board of Directors 
of the Society, all prospective mem- 
bers must include first year’s dues 
with their applications for member- 
ship. 

Also, please note that, if sponsors 
sign the application form itself, 
processing can be expedited consid- 
erably. 
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Bruce C. Olmsted, Jr., Electro Met- 
allurgical Co.; Mail add: 34 Brook- 
ville Dr., Tonawanda, N. Y. (Elec- 
trothermics & Metallurgy) 

Alan W. Postlethwaite, Raytheon 
Mfg. Co.; Mail add: 6 Blanchard 
Rd., Cambridge, Mass. (Electron- 
ics) 

Hubert F. Quinn, Burroughs Corp.; 
Mail add: 536 West Wayne Ave., 
Wayne, Pa. (Electronics) 

John R. Rairden, III, General Elec- 
tric Co.; Mail add: 2 Dover Dr., 
Latham, N. Y., (Electric Insula- 


tion) 

Arthur M. Ross, Gould-National Bat- 
teries, Inc., Easthampton, Mass. 
(Battery) 


Milton R. Sherman, Texas Instru- 
ments, Inc.; Mail add: 1128A San- 
gamon Dr., Dallas 18, Texas (Elec- 
tronics) 

Philip J. Smith, Jr., Metal & Ther- 
mit Corp.; Mail add: 1401 No. 
Washington, Royal Oak, Mich. 
(Electrodeposition) 

Naomi S. Suloway, General Tele- 
phone Labs., Northlake, Ill. (Elec- 
tronics) 

John D. S. Turnbull, Electro Metal- 
lurgical Co., Div. of Union Carbide 
Canada, Ltd., Welland, Ont., Can- 
ada (Electrothermics & Metal- 
lurgy) 

Henry R. Weiler, Carborundum Met- 
als Co.; Mail add: 14 Sylvan 
Pkway., Akron, Ohio (Electro- 
thermics & Metallurgy) 

Jay Y. Welsh, Manganese Chemicals 
Corp.; Mail add: 1818 Graydon 
Ave., Brainard, Minn. (Battery) 

Edward J. Williams, Dow Chemical 
Co.; Mail add: 135 Holly St., Lake 
Jackson, Texas (Industrial Elec- 
trolytic) 

Associate Members 

Robert C. Dierderich, Electro Metal- 
lurgical Co.; Mail add: 1850 Broad- 
way, Grand Island, N. Y. (Electro- 
deposition, Electrothermics & Met- 
allurgy, Industrial Electrolytic) 

Edward H. Sage, Frank R. Cook Co.; 
Mail add: Mt. Vernon Country 
Club, Rt. #3, Golden, Colo. (Bat- 
tery) 

Student Member 


David S. Newman, New York Uni- 
versity; Mail add: 3209 163rd St., 
Flushing 58, N. Y. (Corrosion, 
Theoretical Electrochemistry) 


Reinstatements to Active Membership 

Ernest R. Ramirez, General Electric 
Co.; Mail add: 17161 Denver St., 
Detroit 24, Mich. (Corrosion, Elec- 
trodeposition, Electrothermics & 
Metallurgy, Theoretical Electro- 
chemistry ) 

William J. Schlotter, Electric Stor- 
age Battery Co.; Mail add: 608 
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Noble St., Norristown, Pa. (Bat- 
tery) 

Ernest C. Evers, University of Penn- 
sylvania; Mail add: 225 Washing- 
ton Ave., Haddonfield, N. J. (Theo- 
retical Electrochemistry) 


Reinstatement and Transfer from Active 
to Active Sustaining Membership 
Leslie G. Jenness, Kennecott Copper 
Corp., 161 E. 42 St., New York 17, 
N. Y. (Industrial Electrolytic) 


Transfers trom Associate to Active 
Membership 

George B. Cobel, Dow Chemical Co.; 
Mail add: 116 Jones St., Midland, 
Mich. (Electrothermics & Metal- 
lurgy) 

Marjorie B. Smith, Sprague Electric 
Co., North Adams, Mass. (Elec- 
tronics) 


Deceased Members 
David Hart, Dover, N. J. 
E. L. Hauman, Tonawanda, N. Y. 
A. T. Lincoln, Northfield, Minn. 
William Y. Westervelt, Jackson, Miss. 


Personals 


Ralph M. Hunter, coordinator of 
electrochemical activities for Dow 
Chemical Co., Midland, Mich., has 
been appointed project manager in 
a major research project for the 
Government on solid fuel missile 
propellants. Harold A. Robinson, as- 
sistant head of the Metallurgical 
Lab., will be laboratory director for 
the project. Dow is one of four U. S. 
chemical companies selected for re- 


search contracts by the Advance 
Research Projects Agency. 
Hyman. Chessin has been ap- 


pointed director of research and de- 
velopment for the Van der Horst 
Corp. of America, Olean, N. Y. Dr. 
Chessin had been assistant director 
of research since 1954. 


Eugene N. Schroeder, IBM Corp., 
Military Products Div., Owego, 
N. Y., has been promoted to manager, 
advanced component development. 


J. F. Wenckus recently joined the 
staff of Ewen Knight Corp., Need- 
ham Heights, Mass. He formerly was 
with Airtron, Inc., in Cambridge, 
Mass. 


C. H. Aall, formerly director of re- 
search of AMCO Research, Inc., has 
transferred to the parent company, 
American Metal Climax, Inc., New 
York City, as manager of copper 
smelting and refining operations. 


H. H. Rogers, previously research 
chemist, is now research group 
leader, inorganic chemistry, for 
Allis-Chalmers Co., Milwaukee, Wis. 
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E. R. Breining resigned on October 
15, 1958 as manager of the Gas Plat- 
ing Labs., Commonwealth Engineer- 
ing Co. of Ohio, Dayton, to enter into 
business as a chemical consultant 
with office at 262 Liberty St., Muir, 
Mich. 


Clark E. Thorp has resigned as 
manager of the Dept. of Chemistry 
and Chemical Engineering, Armour 
Research Foundation, Chicago, to 
take the position of president and 
director of Fiber Products Center, 
Inc., Beaver Falls, N. Y. 


T. N. Rhodin has joined the staff 
of Cornell University, Ithaca, N. Y., 
as associate professor of engineering, 
physics, and metallurgical engineer- 
ing. His duties involve teaching 
courses on the physics of engineer- 
ing materials, and directing graduate 
research in surface physics on an 
Office of Naval Research contract. He 
had been with E. I. du Pont de 
Nemours &: Co. in Wilmington, Del. 


R. H. Coleman, U. S. Industrial 
Chemicals Co., Ashtabula, Ohio, has 
transferred to the company’s metals 
division, Mallory Sharon Metals 
Corp. 


S. K. Panikkar has been appointed 
production assistant-cum-chemist in 
Grauer and Weil (India) Private 
Ltd., Bombay. 


M. S. Thacker, of New Delhi, India, 
attended the meeting of the Stand- 
ing Committee of the British Com- 
monwealth Scientific Conference 
held in Canada during August 1958. 
He also visited several universities 
and research organizations. On his 
way to Canada, he visited the United 
Kingdom and East and West Ger- 
many. 


S. Ghosh has been appointed senior 
scientific officer, Central Electro- 
chemical Research Institute, Karai- 
kudi. 


S. Soundararajan has been ap- 
pointed senior research assistant in 
the Dept. of Inorganic and Physical 
Chemistry, Indian Institute of Sci- 
ence, Bangalore. 


T. L. Rama Char has been ap- 
pointed assistant professor in phys- 
ical chemistry in the Dept. of Inor- 
ganic and Physical Chemistry, Indian 
Institute of Science, Bangalore. In 
October 1958, he went to Germany 
to attend the Third International 
Symposium on_ Electrodeposition 
held at Ilmenau. He also visited some 
laboratories and electroplating fac- 
tories. 


J. Vaid has returned to Bangalore 
and resumed his duties at the Indian 
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Telephone Industries on completion 
of his deputation work in the Na- 
tional Physical Lab., New Delhi. 


News Items 


Nominations for ECS 
Honorary Membership 


Harold M. Scholberg, Chairman of 
the Honors and Awards Committee 
of The Electrochemical Society, 
would like to receive suggestions 
for candidates for two Honorary 
Memberships in the Society, to be 
awarded in May 1959. 

Nominations should carry a re- 
sumé of the candidate’s career and 
of his contributions to the Society 
and the Science. 

Nominations should be submitted 
as soon as possible to H. M. Schol- 
berg, Inorganic Division, Research 
Dept., Monsanto Chemical Co., 
Lindbergh & Olive St. Rd., St. Louis 
24, Mo. 


New Sustaining Members 


The following recently became 
new Sustaining Members of The 
Electrochemical Society: 


Fairchild Semiconductor Corp., Palo 
Alto, Calif. 

General Transistor Corp., Jamaica, 
N. Y. 

Hoffman Electronics Corp., Evans- 
ton, Il. 

Kennecott Copper Corp., New York, 

Metals and Controls Corp., Attle- 
boro, Mass. 

Northern Electric 
Que., Canada. 

Phelps Dodge Refining Corp., Mas- 
peth, N. Y. 

Universal-Cyclops 
Bridgeville, Pa. 


1958 Annual Index 


The Annual Index for Vol. 105 
(1958) of the JouRNAL will appear in 
the February 1959 issue. Reprints of 
the Index can be obtained about the 
middle of March by writing to The 
Electrochemical Society, 1860 Broad- 
way, New York 23, N. Y. 


Co., Montreal, 


Steel Corp., 


New Process to be Used in 
Production of Ultrapure Chromium 


Chromalloy Corp. and Chilean 
Nitrate Sales Corp. jointly an- 
nounced the completion of an ex- 
clusive license agreement providing 
for a program of expanded produc- 
tion, and increased research and 
development by the Chromalloy 
Corp., of a new ultrapure form of 
chromium metal through the use of 
an iodide chromium process devel- 
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oped by Battelle Memorial Institute, 
Columbus, Ohio. The new technique 
will be used extensively in the de- 
velopment of alloys for nuclear re- 
actors and gas turbines as well as for 
many other purposes. The program 
will be carried forward in coopera- 
tion with Battelle. 


Film on Corrosion 

A new film on corrosion, in 16 mm 
color with sound, tells what causes 
anodes and cathodes to form on 
steel surfaces, how they produce 
electrolytic corrosion, and what can 
be done about it. Discussed are in- 
hibitors, alloys, hot-dip galvanizing, 
cathodic protection, metallizing, or- 
ganic coatings, and Dimetcote inor- 
ganic zine coating. Case histories 
show how corrosion problems are 
solved in various industries. The 
film, running time 19 minutes, con- 
tains many useful ideas for those 
interested in corrosion control. For 
showing, write Amercoat Corp., 4809 
Firestone Blvd., South Gate, Calif. 
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Delahay 1958 Sigma Xi Lecturer 

Dr. Paul Delahay, Boyd Professor 
of Chemistry at Louisiana State Uni- 
versity, discussed “Electrochemistry 
and Kinetics” in an address at Por- 
ter Hall Auditorium, Carnegie In- 
stitute of Technology, Pittsburgh, on 
October 24, 1958. The lecture was 
under the joint sponsorship of the 
Carnegie Tech and University of 
Pittsburgh chapters of the Society 
of Sigma Xi, the national research 
honorary fraternity. 

Dr. Delahay, who was the 1958 
Sigma Xi national lecturer at a 
number of colleges and universities, 
was educated in Belgium and taught 
at the University of Brussels. He has 
done extensive work in electrode 
kinetics, diffusion, adsorption, elec- 
troanalytical chemistry, and instru- 
mentation. 

In 1951 Dr. Delahay received the 
Turner Book Prize of The Electro- 
chemical Society, and in 1955 the 
Award in Pure Chemistry of the 
American Chemical Society. He was 
a Guggenheim Fellow at Cambridge 
University in 1955. 


Book Reviews 


The Physical Chemistry of Electro- 
lytic Solutions, Third Edition, 
by Herbert S. Harned and Benton 
B. Owen. ACS Monograph No. 
137. Published by Reinhold Pub- 
lishing Corp., New York City, 
1958. xxxiii + 803 pages; $20.00. 
The first edition of this book was 

published in 1943 and was recog- 
nized immediately as outstanding, 
authoritative, and indispensable in 
its field. The third edition is equally 
authoritative and indispensable, and 
will be extremely useful to a host 
of people who deal with thermo- 
dynamic and other properties of 
weak and strong electrolytes. 

The same outline of presentation 
and the same chapter headings have 
been used in all three editions. 
Chapters 1-5 deal with fundamental 
theory: general thermodynamics; 
interionic attraction theory; thermo- 
dynamics of solutions; irreversible 
processes (conductance, diffusion, 
viscosity); numerical computations 
and compilation of useful functions, 
slopes, constants. Numerical param- 
eters have been adjusted to con- 
form to modern values of the 
fundamental constants. 

Later chapters deal mainly with 
experimental results, their analysis, 
and interpretation, although specific 
theory is included at appropriate 
points. Some of the subjects covered 
are conductance, transference num- 
bers, diffusion, ion association, high 
field and frequency effects, partial 


molal quantities, osmotic and activ- 
ity coefficients colligative 
properties and from galvanic cell 
measurements. Chapters 11-15 es- 
pecially are concerned with the 
evaluation and treatment of activity 
coefficients of strong and weak 
electrolytes in dilute and in more 
concentrated solutions, valence type 
effects, mixed electrolytes and 
mixed solvents, etc. Chemical kinet- 
ics is not treated at all in the book. 

The chapters on theory have been 
expanded by about 60 pages and 
include a new section on thermo- 
dynamics of irreversible processes, 
discussion of newer contributions 
to theories of conductance and high 
field effects, and the general verifi- 
cation of Debye-Hiickel theory by 
methods of statistical mechanics. The 
later chapters (6-15) have been 
lengthened by 100 pages, mostly 
required by new experimental work 
but including discussion of newer 
theory as well. The number of 
Tables of data in the Appendix 
(67 pages) has also been increased. 
There are now three _ Indexes: 
Author, Subject, and a_ useful 
Chemical Index. An index of Tables 
would be helpful, since there are 
more than 225 numerical Tables and 
it is not easy to find a specific one 
or even to learn if it exists. 

This is not a textbook for begin- 
ners in the field, and it is a difficult 
book for study even by experienced 
workers. It is a valuable reference 
book; most of the best data of the 
world on osmotic and activity co- 
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efficients, salting-out coefficients, 
dissociation constants, and other 
properties have been collected and 
tabulated, and many hundreds of 
references to the literature are 
given. The text is well written and 
each section can be useful to one 
with sufficient background in the 
particular field. The chapters deal- 
ing with experiment are the out- 
standing contribution; the authors 
are past-masters in fitting data to 
theoretical, empirical or semiempir- 
ical equations, making  extrapo- 
lations or interpolations to obtain 
critical values, in putting results in 
convenient and useful form. 

Not everyone will be pleased with 
every part of the book. The discus- 
sion of “electrode potentials” and 
the theory of galvanic cells is one 
of 30 years ago, although there is 
no fault to find with the thermo- 
dynamic treatment. Little attention 
is given to the calculation or use of 
standard free energies and entropies 
of ions, and one is referred to 
tables published in 1938, although 
there are newer and better tables 
available. The Bronsted principle of 
specific interaction of ions does not 
seem well presented, and there is 
no mention of the possible enhance- 


‘ment of specific effects by complex- 


ing or ion-pair formation (unusual 
effect of sulfates on certain solubil- 
ities, for example). Some would 
question the relative space allotted 
to theories of more concentrated 
solutions, for instance the matter 
of ion distribution (page 545); the 
discussion of this problem by Rob- 
inson and Stokes in their book 
“Electrolyte Solutions” is ignored. 

Most of the typographical errors 
are ones which should have been 
caught by the  publisher’s own 
proofreader. The caption of Fig. 
(11-6-1) is somewhat puzzling. 

The authors are to be congratu- 
lated on their accomplishment in 
presenting this valuable contribu- 
tion to their fellow workers and 
successors. It summarizes part of 
the results of their many years of 
experience and many thousands of 
hours of devoted toil. 

C. V. King 


The Powder Method in X-Ray 
Crystallography, by Leonid V. 
Azaroff and Martin J. Buerger. 
Published by McGraw-Hill Book 
Co., New York City, 1958. XV 4 
342 pages; $8.75. 

The powder method is probably 
the simplest and most universal 
technique in x-ray crystallography. 
Consequently, this book has some- 
thing to offer workers in diverse 
fields, such as_ biochemists and 
battery makers. The book is based 
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Third Printing of “Vacuum Metallurgy” 
Now Available 


The third printing of “Vacuum 
Metallurzy,” edited by J. M. Blocher, 
Jr., of Battelle Memorial Institute, 
is now available from Society Head- 
quarters, 1860 Broadway, New York 
23, N. Y., at the price of $5.00, less a 
20% discount to ECS members. 

The 216-page book, in hard paper 
binding, contains papers presented 
at the Vacuum Metallurgy Sympo- 
sium held in Boston, Mass., October 
6 and 7, 1954. 

Sponsored by the Electrothermics 
and Metallurgy Division of The Elec- 
trochemical Society, this symposium 


brought together, for the first time, 
those interested in the relation of 
vacuum to metallurgy. 

In the keynote address, J. D. Nis- 
bet, director of research of the Uni- 
versal-Cyclops Steel Corp., outlines 
the rapid progress in this field, to- 
gether with a consideration of what 
the future may hold. Eighteen papers 
follow on vacuum melting, vacuum 
heat treating, vacuum distillation of 
metals, and on new apparatus. A 
valuable review of the present sta- 
tus of theory and techniques for the 
determination of the vapor pressures 
of metals and alloys is included. 


on notes and lectures to students 
at M.LT., and is an excellent intro- 
duction to the use of this technique 

Beginning with a _ very brief 
introduction to the theory of x-ray 
diffraction, the authors take up 
principles of powder photography, 
and then practice, in detail. There 
is discussion of the cameras used, 
the procedures for taking photo- 
graphs, the interpretation and in- 
dexing of photographs, and finally 
the most important subject, the 
discussion at great length of the 
sources of error, the anomalies, and 
corrections for the errors. and 
anomalies. 

The book is well written and 
accompanied by an excellent series 
of photographs and diagrams. It is 
invaluable for both the practitioner 
and the beginner. 

M. M. Fishman 


Process Instruments and Controls 
Handbook. Edited by Douglas M. 
Considine. Published by McGraw- 
Hill Book Co., Inc., New York 
City, 1957. $19.50. 

This book presents a well-organ- 
ized and fairly complete treatment 
of instruments and controls, spe- 
cifically for the process fields. The 
fundamental principles of the 
instruments are carefully outlined, 
including excellent sketches, perti- 
nent formulas, and in many in- 
stances a critical evaluation. 


The subjects covered include 
measurement standards, primary 
elements, measurement systems, 


indicators and recorders, automatic 
controllers, timers and program 
controllers, electric and pneumatic 
telemetering, final control elements, 
fundamental principles of process 
control, and mathematical tech- 
niques for solving automatic control 
problems. Specific fields of meas- 


urement and control covered are 
temperature, pressure, flow, liquid- 
level, chemical composition, and 
miscellaneous other process meas- 
urements. This is a valuable hand- 
book not only for the chemical 
engineer in the process industry 
but for the experimentalist con- 
cerned with measurement, control, 
and recording of physical and 
chemical properties. 

Sylvan M. Edmonds 


Technology of Columbium (Niob- 
ium). Edited by E. M. Sherwood 
and B. W. Gonser. Latest volume 
in ECS Series, sponsored by the 
Society, and published by John 
Wiley & Sons, Inc., New York 
City, 1958. 120 pages; $7.00. 

The papers in this compilation 
were presented at the May 1957 
symposium on Columbium (Nio- 
bium) of the Electrothermics and 
Metallurgy Division of The Electro- 
chemical Society. Certainly, this 
volume should achieve the aim of 
the editors, and both stimulate and 
aid further work on columbium. 

The reviews include the properties 
and sources of the metal, economic 
aspects, and supply and extraction 
metallurgy. Experimental papers 
are on_ separation, purification, 
analysis, alloys, and effects of addi- 
tion and related subjects. The 
experimental reports present much 
quantitative data, and the articles 
have bibliographies extending into 
1957. 

The treatment, of course, could 
not be expected to be comprehen- 
sive, and not only do the editors 
recognize this but, actually, com- 
mendably, they recommend that 
the papers presented in the British 
symposium on “Metallurgy. of 
Niobium,” published in the Journal 
of the Institute of Metals, Vol. 24, 
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pp. 367-392, be used to supplement 
those presented here. 

It is too bad, however, that the 
oral discussion following the pres- 
entations could not be included. 

H. W. Salzberg 


Literature 
from Industry 


Carbon and Graphite for Chemical 
Applications. An up-to-date descrip- 
tion of its complete line of carbon, 
graphite, and impervious carbon and 
graphite equipment for chemical 
processing applications is available 
from National Carbon Co., Div. of 
Union Carbide Corp. The 4-page 
illustrated bulletin discusses each of 
a wide range of products, and refers 
to specific catalog sections that con- 
tain complete technical data. 

The equipment described includes 
shell and tube heat exchangers; cas- 
cade, concentric, and immersion type 
heat exchangers; centrifugal pumps; 
entrainment separators; pipe and 
fittings; towers and accessories; and 
brick, structural shapes, and cements. 
Other products discussed are anodes 
and backfill for cathodic protection; 
electrolytic anodes; and activated 
carbon. Phosphoric acid systems; sul- 
furic acid diluting equipment, pump 
injectors and ejectors; and porous 
carbon and graphite are described, 
and falling-film type hydrochloric 
acid systems are discussed in con- 
siderable detail. 

For a copy of catalog section 
S-5008, write National Carbon Co., 
535 Fifth Ave., New York 17, N. Y. 


Gas Chromatography. Best tech- 
niques for increasing quantitative 
accuracy in gas chromatography are 
covered in detail in a new data sheet 
published by Beckman Applications 
Labs. Advantages of the peak or 
integrated area measurement and 
peak height measurement methods 
are given, and_ several typical 
analyses are worked out in step-by- 
step fashion to show how each 
method is used. The peak area tech- 
nique is demonstrated with chrom- 
atograms run on a Beckman GC-2 
Chromatograph and using a new 
type integrator. This integrator com- 
putes peak area within 0.1% ac- 
curacy and has been especially de- 
signed to operate with recorders 
used with Beckman Gas Chromato- 
graphs. 

Free copies of data sheet GC-86- 
MI and technical information on the 
integrator are available from Beck- 
man/Scientific and Process Instru- 
ments Div., Fullerton, Calif. 
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Carbon and Graphite Properties 
and Uses. A new 56-page manual 
just issued by the Stackpole Carbon 
Co., gives detailed property, applica- 
tion, and performance data on a 
wide range of carbon and graphite 
products. Complete even to showing 
how carbon and graphite are made, 
the manual also describes how the 
basic qualities of the carbon atom 
form the basis for different carbon 
and graphite grades. Detailed infor- 
mation for a number of mechanical, 
chemical, electrical, and refractory 
uses is described and _ illustrated 
throughout. 

A copy of the manual, catalog 40B, 
is available on letterhead request to 
the Stackpole Carbon Co., St. Marys, 
Pa. 


Pumpless Mercury Arc Rectifiers. 
Bulletin GEA-6848, 12 pages, de- 
scribes the operation, construction 
features, and applications of General 
Electric’s Pumpless Mercury Arc 
Rectifiers ranging from 750-kw, 250- 
v units for industrial service to units 
rated over 5000 kw, 850 v for elec- 
trochemical service. It includes cross- 
section line drawing of pumpless 
tank, photographs, charts, system 
diagram, and rating tables. Available 
from General Electric Company, 
Schenectady 5, N. Y. 


Battery Engineering Manual. Bur- 
gess Battery Co., of Freeport, IIL, 
which produces more than 3000 dif- 
ferent types of dry cells, has pub- 
lished as an aid to product design 
engineers the most comprehensive 
manual on the use and selection of 
dry batteries ever prepared by the 
battery industry. The 100-page com- 
pendium was created to provide in- 
dustrial designers and research spe- 
cialists with an invaluable engineer- 
ing reference guide. 

Rapid advances in modern electro- 
chemical research and engineering 
have greatly expanded the potential 
uses of batteries by industry, the 
Armed Services, and for scientific 
purposes. The new manual is in- 
tended to help design engineers 
bring practical application of today’s 
battery technology to bear on all 
product design problems calling for 
portable electric power. 

Batteries shown in the handbook 
range from 1% to 510 v and weigh 
from 0.013 to 16 lb. They are used 
for thousands of purposes requiring 
portable electrical power, from 
flashlights and portable radios to 
transistorized electronic equipment 
and giant space-age missiles. 

Practical data provided on each 
type of battery in 14 different volt- 
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age classifications include: ASA ref- 
erence letters and numbers; the 
number and size of cells used; 
weight; maximum physical dimen- 
sions; detailed service life graphs; 
voltage taps, and types of terminals 
used. Sketches of 69 different kinds 
of terminals are included in a sep- 
arate section of the book. 

Engineers engaged in the design of 
battery-powered equipment are in- 
vited to write to Burgess Battery 
Co., Dept. PR-I, Freeport, Ill, to 
secure their copy of the new battery 
engineering manual. Others may 
purchase the manual at a cost of 
$1.00. 


Announcement 
from Publisher 


“Rocket Refractories,” H. B. Porter, 
Naval Ordnance Test Station, 
Aug. 1955. Report PB 131503, 55 
pages; $1.50. 


This review (to 1955) of develop- 
ment of high-temperature refrac- 
tories for use in rockets has been 
released for industry use by the 
Naval Ordnance Test Station. The 
volume is available from the Office 
of Technical Services, U. S. Dept. 
of Commerce, Washington 25, D. C. 

The report brings together scat- 
tered literature on refractories ap- 
pearing to 1955, and sets forth 
required characteristics of acceptable 
rocket refractories, Basic refractory 
substances, including metal oxides, 
metal-metalloid compounds, and 
intermetallic compounds, are also 
discussed, both individually and as 
ingredients of bonded-ceramic and 
cermet compositions. 

Practices then current for the use 
of refractories as protective coatings, 
combustion chamber liners, and 
nozzles are reviewed, with special 
emphasis on commercial materials. 
Design and fabrication are discussed, 
and physical and chemical proper- 
ties, manufacturers, and products 
listed. Areas for future research are 
pointed out. 


New Products 


Junction Transistor. A new ger- 
manium p-n-p alloy-junction tran- 
sistor (RCA-2N331) for audio- 
frequency amplifier service was 
announced recently by the RCA 
Semiconductor and Materials Div., 
Somerville, N. J. 


The new transistor is especially 
designed for use in critical indus- 
trial and military equipment where 
rugged construction, extreme stabil- 
ity, and excellent uniformity of 
characteristics are important design 
considerations. It has a _ current- 
transfer-ratio characteristic which 
is essentially constant over the 
useful operating current range for 
the device This feature, in addition 
to low collector- and emitter-cutoff 
currents, low base _ resistance, a 
typical power gain of 44 db, and a 
typical noise factor of 9 db, makes 
the new transistor particularly 
useful in low-power audio-frequen- 
cy amplifier service. 


Water-Cooled Silicon Rectifier. A 
new water-cooled silicon rectifier 
designed to provide either regulated 
or unregulated d-c power for steel, 
electrochemical, plating, and other 
continuous processing lines has 
been developed by General Electric’s 
Low Voltage Switchgear Dept., 
Schenectady 5, N. Y. 

The rectifier employs saturable 
reactor-amplistat control to main- 
tain the desired current level within 
plus or minus 1% with unit 
efficiencies ranging from 90 to 95% 
depending on voltage rating of the 
equipment. Available in ratings of 
1000-10,000 amp at voltages up to 
300 v, the rectifier may be either 
manually or automatically control- 
led by means of the saturable reactor 
which provides smooth, stepless 
control from 10 to 125% current 
output. 

One outstanding feature of the 
new rectifier is the short circuit 
limiting capabilities of the saturable 
reactor which successfully restricts 
short circuit current to a value 
about 20% greater than the current 
prior to the short circuit. The 
rectifier is designed to withstand 
such an output without damage to 
components. 


Spectrofluorometers. Farrand Op- 
tical Co., Inc., announces that, in 
addition to its standard  spectro- 
fluorometer, two new types of 
spectrofluorometer are now avail- 
able. One is a dual-purpose instru- 
ment for spectrofluorometic trans- 
mission measurements in the 
spectral region from 220 to 650 mu. 
The second is a_ triple-purpose 
instrument which can be utilized 
as a_ spectrofluorometer, spectro- 
photometer, or for reflectance 
measurements of solid samples such 
as textiles, plastics, paints, paper, 
powders, etc. 

Farrand spectrofluorometers can 
be supplied for manual operation, 
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for automatic operation with re- 
corders, or for oscilloscope presen- 
tation. 

Descriptive bulletin No. 820, 
Supplement 1, is available upon 
request from Farrand Optical Co., 
Inc., Dept. C-17, Bronx Blvd. and 
E. 238 St., New York 70, N. Y. 


Nonfoaming Spray-Wash Clean- 
ers. Cleaners SW-57 and SW-58, 
powered alkaline materials for use 
in pressure spray-washing machines, 
have been introduced by Enthone, 
Inc., New Haven, Conn., subsidiary 
of American Smelting and Refining 
Co. 

The two new products contain 
surfactants which are designed to 
give maximum detergency with a 
minimum of foam. They remove oil, 
solid dirt, and other shop soils 
quickly and completely. Cleaner 
SW-57 is mild in alkalinity and 
safe for use on reactive metals such 
as zinc and aluminum. Cleaner 
SW-58 is designed for cleaning 
steel, copper, brass, and magnesium. 

Both cleaners are effective at 
concentrations of 1-4 oz/gal and at 
temperatures of 150°-200°F. They 
can be used in all types of spray- 
washing machines or for tank ap- 
plications using various types of 
agitation. For most applications, 
either Cleaner SW-57 or Cleaner 
SW-58 alone will do the complete 
cleaning job; for buffing compound 
removal, either cleaner, used in the 
second stage of the washing ma- 
chine, rapidly removes the emul- 
sions or solvents remaining on the 
work from the first or buffing 
compound removal stage. 

Literature on Cleaners SW-57 and 
SW-58 is available from the manu- 
facturer. 


Employment Situations 


Please address replies to box 
shown, c/o The _ Electrochemical 
Society, Inc., 1860 Broadway, New 
York 23, N. Y. 


Positions Wanted 

Physical Chemist, Ph.D. 1958, de- 
sires research position in electro- 
chemistry and/or solid state. Strong 
instrumentation background; re- 
search experience; publications; hon- 
or societies. Will consider position in 
New York City or Metropolitan New 
Jersey area only. Reply to Box 365. 


Battery Chemist, 11 years’ experi- 
ence with manufacturers of auto- 
motive, stationary, and industrial 
lead-acid batteries. Thoroughly ex- 
perienced in grid design and casting, 
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oxide production, paste formulation, 
assembly, fast formation, and dry 
charging; development, quality con- 
trol, and cost reduction. B.Sc. degree. 
Age 32. Reply to Box 366. 


Positions Available 


Electrochemist for Basic Studies in 
Corrosion, position open in small 
laboratory in Virginia. Opportunity 
for solid-state physics approach or 
conventional electrochemical  ap- 
proach to aqueous corrosion. Posi- 
tion is such that either a strong in- 
dividualist or a team man could be 
happy. Reply to Box A-277. 


Electrochemist. Nationally known 
company located in Northern N. J. 
has challenging product research 
opportunity. Steady employment 
for B.S. or M.S. with imagination 
and initiative for development work 
on oxygen electrodes and air-de- 
polarized cells. Good salary and 
working conditions, also all usual 
benefits. Please send complete 
résumé . Reply to Box A-278. 


Research Chemists. Research and 
Development group seeks exper- 
ienced Chemists or Chemical 
Physicists for solid-state work on 
luminescent materials and inorganic 
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chemicals for rapidly developing 
electronic applications. Candidate 
should have Ph.D. or equivalent 
and be capable of independent 
work. Challenging position in new 
research and development labora- 
tories located in Northeast Penn- 
sylvania. Publication of work 
encouraged. 

Send résumé to: Dr. J. S. Smith, 
Manager of Chemical Research and 
Development, Chemical and Metal- 
lurgical Division, Sylvania Electric 
Products, Inc., Towanda, Pa. 


Engineers (Aeronautical, Elec- 
trical, Electronic, Industrial, Gen- 
eral, Mechanical, and Power Plant), 
Electronic Scientists, Metallurgists, 
Physicists, Technologists— Vacancies 
exist for professional personnel in 
the above positions. Starting salaries 
range from $4490 to $10,130 per an- 
num. The Naval Air Material Center 
is currently engaged in an extensive 
program of aeronautical research, 
development, experimentation, and 
test operations for the advancement 
of Naval aviation. Experimental 
work is also being conducted in the 
guided missile field. Personnel are 
needed for work on projects involv- 
ing modification, overhauling, and 
testing of aeronautical equipment, 


SEMICONDUCTOR ENGINEERS 
AND SCIENTISTS 


An expanding program, the result of in- 
creasing production and sales of the 4-layer 
bistable diode, is creating openings in basic 
research, advanced device development and 
application engineering. 


Opportunities exist also in the techniques 
of device packaging, as well as crystal grow- 
ing and diffusion in silicon. 


Openings are currently available and others 
will develop. Your resume, which will be held 
in strict confidence, may be sent to the 
Director, Professional Employment. 


(Ref: El-6) 


SHOCKLEY TRANSISTOR 
CORPORATION 


A Subsidiary of Beckman Instruments, Inc. 
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Advertiser's Index 


Bell Telephone Laboratories, 
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materials, accessories, power plants, 
launching and arresting devices, and 
for modification and structural test- 
ing of aircraft. Also, for work in- 
volving the basic design of catapults, 
launchers, arresting gear and their 
component parts; test and develop- 
ment work at shore stations and on 
board U. S. Navy ships; evaluation 
of new equipment and establishment 
of performance parameters, and ap- 
plied research on the many problems 
relevant to this field. 

Interested persons should file an 
Application for Federal Employment, 
Standard Form 57, with the Indus- 
trial Relations Dept., Naval Air Ma- 
terial Center, Naval Base, Philadel- 
phia 12, Pa. Applications may be ob- 
tained from the above address or 
information as to where they are 
available may be obtained from any 
first or second class post office. 


Physical Chemist, Physicist, or 
Metallurgist. The British Columbia 
Research Council has a vacancy for 
a physical chemist, physicist, or 
metallurgist for research on anodic 
oxide films. Salary range to $7000 
depending upon qualifications and 
experience. Applications with names 
of two referees should be sent to 
Dr. G. M. Shrum, Director, British 
Columbia Research Council, Univer- 
sity of British Columbia, Vancouver 
8, B. C., Canada. 


JOURNAL ELECTROCHEMICAL SOCIETY 
Wanted to Buy. 

Back sets, volumes, and issues of 
this JOURNAL and TRANSACTIONS. 
Especially volumes 1, 3 and from 
volume 60 to date. 

We pay good prices. 

Buy also Technical and Scientific 
Periodicals. 

E. O. ASHLEY, 27 E. 21 St., New York 
¥. 
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Patron Members 
Aluminum Co. of Canada, Ltd., 
Montreal, Que., Canada 
International Nickel Co., Inc., 
New York, N. Y. 
Olin Mathieson Chemical Corp., 
Niagara Falls, N. Y. 
Industrial Chemicals Div., Research 
and Development Dept. 
Union Carbide Corp. 
Divisions: 
Electro Metallurgical Co., 
New York, N. Y. 
National Carbon Co., New York, N. Y. 


Westinghouse Electric Corp., Pittsburgh, Pa. 


Sustaining Members 
Air Reduction Cc., Inc. 
New York, N. Y. 
Ajax Electro Metallurgical Corp., 
Philadelphia, Pa. 
Allied Chemical & Dye Corp. 
General Chemical Div., Morristown, N. J. 
Solvay Process Div., Syracuse, N. Y. 
(3 memberships) 
Alloy Steel Products Co., Inc., Linden, N. J. 
Aluminum Co. of America, 
New Kensington, Pa. 
American Machine & Foundry Co., 
Raleigh, N.C. 
American Metal Co., Ltd., 
New York, N. Y. 
American Potash & Chemical Corp., 
Los Angeles, Calif. (2 memberships) 
American Zinc Co. of Illinois, 
East St. Louis, 
American Zinc, Lead & Smelting Co., 
St. Louis, Mo. 
American Zinc Oxide Co., Columbus, Ohio 
M. Ames Chemical Works, Inc., 
Glens Falls, N. Y. 
Auto City Plating Company Foundation, 
Detroit, Mich. 
Bart Manufacturing Co., Bellville, N. J. 
Bell Telephone Laboratories, Inc. 
New York, N. Y. (2 memberships) 
Bethlehem Steel Co., Bethlehem, Pa. 
(2 memberships) 
Boeing Airplane Co., Seattle, Wash. 
Burgess Battery Co., Freeport, III. 
(4 memberships) 


The Electrochemical Society 


C & D Batteries, Inc., Conshohocken, Pa. 
Canadian Industries Ltd., Montreal, Que., 
Canada 
Carborundum Co., Niagara Falls, N. Y. 
Catalyst Research Corp., Baltimore, Md. 
Chrysler Corp., Detroit, Mich. 
Ciba Pharmaceutical Products, Inc., Summit, 
N. J. 
Columbian Carbon Co., New York, N. Y. 
Columbia-Southern Chemical Corp., 
Pittsburgh, Pa. 
Consolidated Mining & Smelting Co. of 
Canada, Ltd., Trail, B. C., Canada 
(2 memberships) 
Continental Can Co., Inc., Chicago, Ill. 
Cooper Metallurgical Associates, Cleveland, 
Ohio 
Corning Glass Works, Corning, N. Y. 
Crane Co., Chicago, 
Diamond Alkali Co., Painesville, Ohio 
(2 memberships) 
Dow Chemical Co., Midland, Mich. 
Wilbur B. Driver Co., Newark, N. J. 
(2 memberships) 
E. I. du Pont de Nemours & Co., Inc., 
Wilmington, Del. 
Eagle-Picher Co., Chemical Div., Joplin, Mo. 
Eastman Kodak Co., Rochester, N. Y. 
Electric Auto-Lite Co., Toledo, Ohio 
Electric Storage Battery Co., 
Philadelphia, Pa. 
Englehard Industries, Inc., Newark, N. J. 
(2 memberships) 
The Eppley Laboratory, Inc., Newport, R. I. 
(2 memberships) 
Erie Resistor Corp., Erie, Pa. 
Fairchild Semiconductor Corp., Palo Alto, 
Calif. 
Federal Telecommunication Laboratories, 
Nutley, N. J. 
Food Machinery & Chemical Corp. 
Becco Chemical Div., Buffalo, N. Y. 
Westvaco Chlor-Alkali Div., South 
Charleston, W. Va. 
Ford Motor Co., Dearborn, Mich. 
General Electric Co., Schenectady, N. Y. 
Chemistry & Chemical Engineering 
Component, General Engineering 
Laboratory 
Chemistry Research Dept. 
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General Electric Co. (cont’d) 
Metallurgy & Ceramics Research Dept. 
General Motors Corp. 
Brown-Lipe-Chapin Div., Syracuse, N. Y. 
(2 memberships) 
Guide Lamp Div., Anderson, Ind. 


Research Laboratories Div., Detroit, Mich. 


General Transistor Corp., Jamaica, N. Y. 
Gillette Safety Razor Co., Boston, Mass. 


Gould-National Batteries, Inc., Depew, N. Y. 


Grace Electronic Chemicals, Inc., 
Baltimore, Md. 
Great Lakes Carbon Corp., New York, N. Y. 
Hanson-Van Winkle-Munning Co., 
Matawan, N. J. (3 memberships) 
Harshaw Chemical Co., Cleveland, Ohio 
(2 memberships) 
Hercules Powder Co., Wilmington, Del. 
Hoffman Electronics Corp., Evanston, Ill. 
Hooker Electrochemical Co., Niagara 
Falls, N. Y. (8 memberships) 
Houdaille-Hershey Corp., Detroit, Mich. 
Hughes Aircraft Co., Culver City, Calif. 
International Business Machines Corp., 
Poughkeepsie, N. Y. 
International Minerals & Chemical 
Corp., Chicago, IIl. 
Jones & Laughlin Steel Corp., 
Pittsburgh, Pa. 
K. W. Battery Co., Skokie, Ill. 
Kaiser Aluminum & Chemical Corp. 
Chemical Research Dept., 
Permanente, Calif. 
Div. of Metallurgical Research, 
Spokane, Wash. 
Kennecott Copper Corp., New York, N. Y. 
Keokuk Electro-Metals Co., Keokuk, 
Libbey-Owens-Ford Glass Co., Toledo, Ohio 
P. R. Mallory & Co., Indianapolis, Ind. 
McGean Chemical Co., Cleveland, Ohio 
Merck & Co., Inc., Rahway, N. J. 
Metal & Thermit Corp., Detroit, Mich. 
Metals and Controls Corp., Attleboro, Mass. 
Minnesota Mining & Manufacturing Co., 
St. Paul, Minn. 
Monsanto Chemical Co., St. Louis, Mo. 
Motorola, Inc., Chicago, Il. 
National Cash Register Co., Dayton, Ohio 
National Lead Co., New York, N. Y. 
National Research Corp., Cambridge, Mass. 
National Steel Corp., Weirton, W. Va. 
Northern Electric Co., Montreal, Que., 
Canada 


(Sustaining Members cont’d) 


Norton Co., Worcester, Mass. 
Olin Mathieson Chemical Corp., 
Niagara Falls, N. Y. 
High Energy Fuels Organization 
(2 memberships) 
Pennsalt Chemicals Corp., 
Philadelphia, Pa. 
Phelps Dodge Refining Corp., Maspeth, N. Y. 
Philips Laboratories, Inc., Irvington-on- 
Hudson, N. Y. 
Pittsburgh Metallurgical Co., Inc., 
Niagara Falls, N. Y. 
Poor & Co., Promat Div., Waukegan, IIl. 
Potash Co. of America, 
Carlsbad, N. Mex. 
Radio Corp. of America, Harrison, N. J. 
Ray-O-Vac Co., Madison, Wis. 
Raytheon Manufacturing Co., 
Waltham, Mass. 
Reynolds Metals Co., Richmond, Va. 
(2 memberships) 
Schering Foundation, Inc., Bloomfield, N. J. 
Shawinigan Chemicals Ltd., Montreal, Que., 
Canada 
Speer Carbon Co. 
International Graphite & Electrode 
Div., St. Marys, Pa. (2 memberships) 
Sprague Electric Co., North Adams, Mass. 
Stackpole Carbon Co., St. Marys, Pa. 
(2 memberships) 
Stauffer Chemical Co., Henderson, Nev., 
and New York, N. Y. (2 memberships) 
Sumner Chemical Co., Div. of 
Miles Laboratories, Inc., Elkhart, Ind. 
Superior Tube Co., Norristown, Pa. 
Sylvania Electric Products Inc., Bayside, 
N. Y. (2 memberships) 
Sarkes Tarzian, Inc., Bloomington, Ind. 
Tennessee Products & Chemical Corp., 
Nashville, Tenn. 
Texas Instruments, Inc., Dallas, Texas 
Titanium Metals Corp., of America, 
Henderson, Nev. 
Udylite Corp., Detroit, Mich. 
(4 memberships) 
Universal-Cyclops Steel Corp., 
Bridgeville, Pa. 
Upjohn Co., Kalamazoo, Mich. 
Victor Chemical Works, Chicago, III. 
Wagner Brothers, Inc., Detroit, Mich. 
Western Electric Co., Inc., Chicago, II]. 
Wyandotte Chemicals Corp., 
Wyandotte, Mich. 
Yardney Electric Corp., New York, N. Y. 
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How to make metal cleaning an exact science: Enthone’s broad range of cleaning 
and degreasing compounds are the end result of more than 20 years of applied research in the labo- 
ratory and in the field on metal finishing problems. These compounds include emulsifiable and solvent 
cleaners, alkaline cleaners for soak or electrolytic cleaning of iron, steel, copper, brass, zinc and zine 
base die castings. And if there’s no Enthone stock cleaner that meets your requirements, Enthone will 


develop a special one that does. Write us about it. Enthone, Inc., 442 Elm St., New Haven 11, Corn. 


Rapid dispersing qualities of Enthone Emul- 
sion Cleaner 75 are shown as oil and solid 


dirt are removed from zine die cast part. 
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